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ABSTRACT OF DISSERTATION
M itochon d ria  from a e r o b i c  h y p h a e  o f  Mucor r a c e m o s u s  d i s p l a y e d  a 
r e l a t i v e l y  e lo n g a te d  morphology w ith  w e l l  d ev e lo p ed  c r i s t a e  and s t a in e d  
in  p o s i t i v e  c o n t r a s t .  M ito ch o n d r ia  from a n a ero b ic  y e a s t  c e l l s  were more 
c i r c u l a r  i n  form, d i s p la y e d  l e s s  d i s t i n c t  but w e l l  r e c o g n iz a b le  c r i s t a e ,  
and s t a in e d  in  n e g a t i v e  c o n t r a s t .  Tween 8 0 ,  e r g o s t e r o l  or c e r u le n in  did  
n ot a l t e r  m ito c h o n d r ia l  morphology when added t o  c u l t u r e s .  M itochon d ria  
from  c e l l s  grow n i n  t h e  p r e s e n c e  o f  c h l o r a m p h e n i c o l  d i s p l a y e d  a 
morphology in t e r m e d ia t e  between th o s e  o f  y e a s t  and hyphae and s t a in e d  in  
n e g a t i v e  c o n t r a s t .  M i t o c h o n d r i a  w e r e  i s o l a t e d  by i s o p y c n i c  
c e n t r i f u g a t i o n  i n  P e r c o l l .  A s i n g l e  band i n  h y p h a l  p r e p a r a t i o n s  
d i s p l a y e d  c y a n i d e - s e n s i t i v e  r e s p i r a t i o n  and was ob served  t o  c o n t a in  a 
hom ogeneous p o p u l a t i o n  o f  m i t o c h o n d r i a  w i t h  d i s t i n c t  c r i s t a e .  The  
c o r r e s p o n d i n g  b a n d  fr o m  a n a e r o b i c  y e a s t  p r e p a r a t i o n s  c o n t a i n e d  
m ito ch o n d r ia  w ith  l e s s  d i s t i n c t  c r i s t a e  and some a d d i t i o n a l  m em brane-  
bounded  s t r u c t u r e s  t h a t  were more compact and d e n s e ly  s t a in e d  than th e  
r e c o g n i z a b l e  m i t o c h o n d r i a .  T h e  s t a i n i n g  a n d  m o r p h o l o g i c a l  
c h a r a c t e r i s t i c s  o f  t h e s e  s t r u c t u r e s  were dependent on th e  o s m o la r i ty  o f  
th e  I s o l a t i o n  m edia .  T w o-d im en siona l p o ly a c ry la m id e  g e l  e l e c t r o p h o r e s i s  
r e v e a le d  th a t  m ito ch o n d r ia  prepared  from a e r o b ic  hyphae c o n t a i n e d  f e w e r  
o v e r a l l  b u t  s e v e r a l  more i n t e n s e l y - s t a i n e d  p r o t e in s  than m ito ch o n d ria  
from a n a ero b ic  y e a s t s .
A 9 .76 -K b  n u c le a r  rDNA r e p e a t  u n i t  from M. racemosus was c lo n ed  in  
13. c o l i  p l a s m i d s  i n  f o u r  o v e r la p p i n g  p i e c e s  and mapped. The 2 6 S rRNA 
gene was sequenced  in  i t s  e n t i r e t y .  The 5 '  and 3 '  ends o f  th e  gene were  
i d e n t i f i e d  upon com parison o f  th e  p r e s e n t  n u c le o t i d e  seq u en ce  w i t h  t h a t  
re p o r ted  f o r  th e  26S rRNA gene from Saccharom yces c e r e v i s i a e . The Mucor 
gene c o n ta in e d  3469 bp, showing 79% homology w ith  th a t  o f  Saccharom yces. 
A 1 0 6 -b p  s e g m e n t ,  n o t  p r e s e n t  in  th e  Saccharom yces g en e ,  d i f f e r e d  from 
th e  t y p i c a l  G C -rich  seq u en ces  found i n s e r t e d  in  th e  e q u iv a le n t  gene from 
h i g h e r  e u k a r y o t e s .  A l l  o f  t h e  t h i r t y  known m e t h y l a t i o n  s i t e s  i n  
S a c c h a r o m y c e s  2 6 S rRNA w e r e  c o n s e r v e d  in  Mucor and 750 bp surrounding  
t h e s e  s i t e s  showed 98% homology w ith  th o s e  from Saccharom yces. The gene  
from Mucor was shown t o  p o s s e s s  a b o u t  8 0 0  bp more th a n  t h a t  from  E^ . 
c o l i , d u e  t o  i n s e r t i o n s  o f  v a r y i n g  l e n g t h s .  When t h e s e  s p e c i f i c  
seq u en ces  were compared in  Mucor and Saccharom yces th ey  d i s p la y e d  a much 
low er (58%) homology than t h a t  found over  th e  r e s t  o f  th e  gene (85%).
Chapter I




Whole c e l l s  o f  Mucor racemosus were examined in  t h i n  s e c t i o n  u n d er  
t h e  t r a n s m i s s i o n  e l e c t r o n  m icroscop e (TEM). M ito ch o n d r ia  from a e r o b ic  
hyphae d is p la y e d  a r e l a t i v e l y  e lo n g a te d  morphology w i t h  w e l l  d e v e l o p e d  
c r i s t a e  and s t a i n e d  i n  p o s i t i v e  c o n t r a s t .  M itochon d ria  from a n a ero b ic  
y e a s t  c e l l s  were more c i r c u l a r  or o v a l  in  form , d is p la y e d  l e s s  d i s t i n c t  
b u t w e l l  r e c o g n i z a b l e  c r i s t a e ,  and s t a i n e d  in  n e g a t i v e  c o n t r a s t .  The 
a d d i t io n  o f  Tween 80 or Tween 80 p lu s  e r g o s t e r o l  t o  a n a e r o b i c  c u l t u r e s  
o f  M. r a c e m o s u s  d id  n o t  a l t e r  m i to c h o n d r ia l  m orphology. M itoch on d ria  
from c e l l s  grown in  th e  p rese n c e  o f  c e r u le n in  appeared a lm o s t  i d e n t i c a l  
t o  t h o s e  f r o m  h y p h a e  g r o w n  i n  t h e  a b s e n c e  o f  t h e  i n h i b i t o r .  
M i t o c h o n d r i a  from  c e l l s  grown i n  t h e  p r e s e n c e  o f  c h l o r a m p h e n i c o l  
d i s p l a y e d  a m o r p h o lo g y  i n t e r m e d i a t e  betw een th o s e  o f  y e a s t  and hyphal  
m i t o c h o n d r i a  and s t a i n e d  i n  n e g a t i v e  c o n t r a s t .  F o l l o w i n g  c e l l  
d i s r u p t i o n  b y  a b r a s i o n  a n d  p a r t i a l  p u r i f i c a t i o n  by d i f f e r e n t i a l  
c e n t r i f u g a t i o n ,  m ito c h o n d r ia  were i s o l a t e d  by i s o p y c n i c  c e n t r i f u g a t i o n  
i n  P e r c o l l .  Two band s w e re  r e c o v e r e d  from  e a c h  c e l l  t y p e .  The top  
bands i n v a r ia b ly  d is p la y e d  c y a n i d e - s e n s i t i v e  r e s p i r a t i o n .  A homogeneous 
p o p u la t io n  o f  m ito ch o n d r ia  w i th  d i s t i n c t  c r i s t a e  was o b s e r v e d  w i t h  TEM 
i n  t h i s  band from  h y p h a l  p r e p a r a t i o n s .  The t o p  band from a n a ero b ic  
y e a s t  c e l l  p r e p a r a t i o n s  c o n t a i n e d  m i t o c h o n d r i a  w i t h  l e s s  d i s t i n c t  
c r i s t a e  and some a d d i t i o n a l  membrane-bounded s t r u c t u r e s  th a t  were more 
compact and d e n s e l y  s t a i n e d  th a n  t h e  r e c o g n i z a b l e  m i t o c h o n d r i a .  The 
s t a i n i n g  and m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e s e  s t r u c t u r e s  were  
dependent on th e  o s m o la r i ty  o f  the i s o l a t i o n  m e d ia .  The b o t to m  bands
c o n t a i n e d  u n r e c o g n iz a b le  d e b r i s ,  membranes and o c c a s io n a l  m ito c h o n d r ia ,  
but d id  not d i s p l a y  r e s p i r a t o r y  a c t i v i t y  and were n o t  s t u d i e d  f u r t h e r .  
T w o - d i m e n s i o n a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  r e v e a l e d  t h a t  
m ito c h o n d r ia  prepared from a e r o b ic  hyphae c o n t a i n e d  f e w e r  o v e r a l l  but  
s e v e r a l  more i n t e n s e l y - s t a i n e d  p r o t e in s  than m ito ch o n d r ia  from an a ero b ic  
y e a s t s .
4INTRODUCTION: MUCOR MITOCHONDRIA
The d im o r p h ic  fu n g u s  Mucor r a c e m o s u s , b e l o n g i n g  t o  t h e  c l a s s  
Zygom ycetes , i s  a rare  f a c u l t a t i v e  eu k aryote  th a t  grows a n a e r o b ic a l ly  as  
budding y e a s t  c e l l s  or a e r o b i c a l l y  as  bran ch in g  hyphae. The genus Mucor 
h a s  b e e n  e x t e n s i v e l y  s t u d i e d  i n  b o th  b a s i c  and a p p l i e d  a r e a s  o f  
b i o l o g i c a l  r e s e a r c h .  Mucor sp p . a re  g e n e r a l l y  both  h ig h ly  s a c c h a r o ly t i c  
and p r o t e o l y t i c ,  r e s u l t i n g  i n  t h e  s p o i l a g e  o f  b r e a d ,  m e a t ,  p o u l t r y ,  
d a ir y  p ro d u cts  and c i t r u s  f r u i t s .  T hese organism s s e r v e  as a so u rce  fo r  
t h e  c o m m e r c i a l  p r o d u c t i o n  o f  a l p h a - a m y l a s e , f u s i d i c  a c i d ,  t h e  
p r o t e o l y t i c  enzyme ren n in  and e t h y l  a l c o h o l .
S e v e r a l  Mucor s p p .  a r e  o p p o r t u n i s t i c  p a t h o g e n s ,  c a u s i n g  a r a r e  
i n f e c t i o n  c a l l e d  m u c o r m y c o s i s .  Human h o s t s  co m p ro m ised  by immune 
d e f i c i e n c y  or immune s u p p r e s s i o n  a r e  much more p r o n e  t o  i n f e c t i o n  by 
M u co r . U s u a l l y  i t  i s  th e  hyphal form o f  th e  fungus th a t  i s  a s s o c i a t e d  
w ith  d is e a s e d  t i s s u e  (Emmons e t  a l . ,  1 9 7 1 ) .  I n  some Mucor s p p . ,  t h e  
m o r p h o g e n e t i c  c o n v e r s i o n  o f  y e a s t  c e l l s  t o  t h e  h y p h a l  form  can  be  
s t i m u l a t e d  by s im p ly  t r a n s f e r r i n g  t h e  o r g a n i s m  fr o m  an  a n a e r o b i c  
e n v ir o n m e n t  i n t o  a i r .  The a b i l i t y  to  c o n t r o l  m orphogenesis  in  such a 
s im p le  way has made Mucor dimorphism an a t t r a c t i v e  s y s t e m  f o r  s t u d y i n g  
t h e  b i o c h e m i c a l  b a s i s  o f  a s i m p l e  d e v e lo p m e n ta l  p r o c e s s .  S in c e  most 
s e v e r e  s y s te m ic  mycoses o f  man a r e  c a u s e d  by d im o r p h ic  f u n g i  su ch  as  
H i s t o p l a s m a  c a p s u l a t u m , B l a s t o m y c e s  d e r m a t i d i s , C o c c id io d e s  i m m it i s , 
P a r a c o c c id io d e s  b r a s i l i e n s l s , and Candida a l b i c a n s , t h e  s t u d y  o f  Mucor 
d im o r p h ism  may a i d  in  f i n d i n g  a way to  c u r e  or c o n t r o l  i n f e c t i o n  by 
p a th o g en ic  fu n g i .
A la r g e  number o f  b io c h e m ic a l  param eters have been exam ined  d u r in g  
M u co r  d i m o r p h i s m ,  i n c l u d i n g  c y c l i c  n u c l e o t i d e  l e v e l s  ( L a r s e n  and 
Sypherd, 1974; O rlow ski and S y p h e r d ,  1 9 7 6 ) ,  r a t e s  o f  p r o t e i n  and RNA 
s y n t h e s i s  ( O r lo w s k i  and Sypherd, 1977; O rlow ski and Sypherd, 1 9 7 8 a ,b ) ,  
c e l l  w a l l  co m p o s it io n  ( B a r t n ic k i - G a r c ia  and N ic k e r s o n ,  1 9 6 2 c ) ,  r ib o s o m e  
c o m p o s i t i o n  ( L a r s e n  and S y p h e r d ,  1 9 7 9 )  and v a r io u s  enzyme a c t i v i t i e s  
( I n d e r l i e d  e t  a l . ,  1980; Paznokas and Sypherd, 1977; P e t e r s  and Sypherd,
1 9 7 9 ) .  A s tu d y  o f  m ito ch o n d r ia  in  Mucor was o f  p o t e n t i a l  i n t e r e s t  in  
r e l a t i o n  to  both th e  g ro ss  morphology o f  th e  c e l l  and th e  development o f  
t h i s  o r g a n e l l e .
Saccharom yces c e r e v i s i a e  i s  undoubted ly  th e  most th orou gh ly  s tu d ie d  
o f  e u k a r y o t ic  organ ism s a t  th e  c e l l u l a r  and m o le c u la r  l e v e l .  I t  sh a res  
w ith  Mucor th e  r a r e  c a p a c i t y  t o  m e t a b o l i z e  and grow u n d er  a n a e r o b i c  
c o n d i t i o n s .  I t  i s  known t h a t  u n d er  s u c h  c o n d i t io n s  th e  m ito ch o n d ria  
e x i s t  a s  p o o r l y - d i f f e r e n t i a t e d  s t r u c t u r e s  c a l l e d  p r o m i t o c h o n d r i a  
( P l a t t n e r  e t  a l . ,  1970; P l a t t n e r  and S c h a tz ,  1 9 6 9 ) .  In  c o n t r a s t ,  i t  was 
ob served  in  Mucor g e n e v e n s i s  th a t  a n a e r o b ic a l ly -g r o w n  c e l l s  have c l e a r l y  
r e c o g n iz a b le  m ito ch o n d r ia  (C lark-W alk er ,  1 9 7 2 ) .
B a se d  upon t h e  a b o v e  o b s e r v a t io n s ,  some i n t e r e s t i n g  q u e s t io n s  can  
be ask ed : Why d o e s  Mucor p o s s e s s  d i f f e r e n t i a t e d  m i t o c h o n d r i a  u n d er
a n a e r o b i c  c o n d i t i o n s ,  u s in g  en ergy  f o r  th e  s y n t h e s i s  and m aintenance of  
t h e s e  o r g a n e l l e s  when th ey  cannot o p e r a te  th e  r e s p i r a t o r y  s y s t e m  due to  
a la c k  o f  oxygen? I s  i t  b eca u se  th ey  need to  adapt q u ic k ly  to  a sw itc h  
to aerobic conditions? Or is it because the mitochondria carry out some 
n o n - r e s p ir a to r y  f u n c t i o n  e s s e n t i a l  f o r  t h e  m a in t e n a n c e  o f  a n a e r o b i c
6y e a s t  c e l l s ?  How do t h e  r e g u l a t o r y  m e c h a n is m s  r e s p o n s i b l e  f o r  
m ito c h o n d r ia l  developm ent d i f f e r  in  Mucor and Saccharom yces?
A l o g i c a l  approach to  a n sw erin g  s u c h  q u e s t i o n s  w o u ld  be t o  s t u d y  
t h e  m i t o c h o n d r i a  i s  i n  t h e  c o n t e x t  o f  d im o r p h is m .  One can  exam ine  
m ito c h o n d r ia l  u l t r a s t r u c t u r e  d u r in g  th e  m orph ogen et ic  changes w h ic h  can  
be i n d u c e d  by a v a r i e t y  o f  d i f f e r e n t  e n v ir o n m e n ta l  f a c t o r s .  One can  
a l s o  o b serv e  th e  m o r p h o lo g ic a l  e f f e c t s  o f  w e l l - c h a r a c t e r i z e d  i n h i b i t o r s  
and t h e  p h y s i o l o g i c a l  e f f e c t s  o f  v a r i o u s  m o r p h o p o i e t i c  a g e n t s .  In  
a d d i t i o n ,  one can s tu d y  th e  m ito c h o n d r io n  a t  t h e  g e n e t i c  l e v e l .  Such  
s t u d i e s  m i g h t  e n c o m p a s s  m a p p in g  an d  s e q u e n c i n g  g e n e s  on t h e  
m ito c h o n d r ia l  chromosome and comparing t h e i r  o r g a n i z a t i o n  and p r im a ry  
s t r u c t u r e  t o  t h o s e  o f  t h e i r  c o u n t e r p a r t s  on t h e  S a c c h a r o m y c e s  
m ito c h o n d r ia l  chromosome. U l t i m a t e l y ,  th e  f u n c t i o n  o f  t h e s e  g e n e s  may 
be i n v e s t i g a t e d  u s in g  m utants or micRNA. T h is  stu d y  r e p r e s e n t s  a f i r s t  
a t t e m p t  t o  s t u d y  m i t o c h o n d r i a  i n  t h e  c o n t e x t  o f  t h e  c o m p r e h e n s iv e  
q u e s t io n s  I  have o u t l i n e d .
7REVIEW: I . RELATIONSHIP BETWEEN MITOCHONDRIA AND MUCOR DIMORPHISM
One ca n  r e v i e w  Mucor m ito ch o n d r ia  in  th e  c o n te x t  o f  dimorphism or 
as  an o r g a n e l l e  w ith  a d ev e lo p m en ta l  f a t e  r e s p o n s i v e  t o  t h e  p h y s i o l o g y  
o f th e  c e l l  i r r e s p e c t i v e  o f  th e  c e l l ' s  m orphology . The number o f  papers  
p u b l i s h e d  c o n c e r n i n g  Mucor m ito c h o n d r ia  i s  r a th e r  l i m i t e d ,  e s p e c i a l l y  
w ith  r e s p e c t  to  th e  l a t t e r  t o p i c .
There a r e  two en v iro n m en ta l  p aram eters th a t  c r i t i c a l l y  a f f e c t  Mucor 
morphology: i )  a fe rm e n ta b le  h ex o se  i s  r e q u ired  fo r  growth in  th e  y e a s t
form; and i i )  a n a e r o b io s i s  g e n e r a l l y  fa v o r s  th e  y e a s t  form  w h e r e a s  an  
a e r o b i c  a tm o s p h e r e  u s u a l l y  in d u ces  th e  h yphal p h a se .  No d e f i n i t e  r o l e  
has y e t  been e l u c i d a t e d  f o r  th e  h ex o se  r e q u i r e m e n t  o r  t h e  a t m o s p h e r i c  
e f f e c t  i n  Mucor d im o r p h is m .  H o w ev e r ,  s p e c u l a t i o n  h a s  c e n t e r e d  on 
s e v e r a l  p o s s i b l e  models t h a t  I  s h a l l  b r i e f l y  p r e s e n t :
i )  A m e t a b o l i t e  o f  t h e  f e r m e n t a b l e  h e x o s e  may a c t  a s  a d i r e c t  
r e p r e s s o r  o f  hyphal developm ent or in d u ces  th e  s y n t h e s i s  o f  a n o th er  gene  
p roduct which  i s ,  in  tu r n ,  a r e p r e s s o r  o f  h yphal developm ent ( B a r t n i c k i -  
G a r c ia ,  1 9 6 8 ) .
i i )  A h e x o s e  may be r e q u ir e d  f o r  growth in  th e  y e a s t  form b ecau se  
th e  sugar i s  a n e c e s s a r y  p r e c u r so r  o f  a c e l l  w a l l  po lym er, most n o ta b ly  
mannan (a  polymer c o n ta in in g  mannose) which o cc u r s  a t  much h ig h e r  l e v e l s  
i n  t h e  y e a s t  fo r m  th a n  i n  t h e  h y p h a l  p h a s e  ( B a r t n i c k i - G a r c i a  and  
N ic k e r s o n ,  1 9 6 2 c ) .
8i i i )  The i n t r a c e l l u l a r  l e v e l  o f  c y c l i c  AMP, which i s  a lw a y s  h i g h e r  
i n  y e a s t  fo r m s  th a n  i n  h y p h a e  (L arsen  and Sypherd, 1974; O rlow sk i and 
R o ss ,  1 9 8 1 ) ,  may be a f a c t o r  r e g u l a t i n g  th e  b a la n c e  o f  r e s p i r a t i o n  and  
f e r m e n t a t i o n  (L a r s e n  and S y p h e r d ,  1 9 7 4 ;  P a zn o k a s  and Sypherd, 1975; 
P aveto  e t  a l . ,  1 9 7 5 ) .
i v )  Oxygen p er  s e  may be a d i r e c t  m o r p h o p o ie t ic  a g e n t ,  m e d i a t i n g  
i t s  e f f e c t  on m orphogenesis  i r r e s p e c t i v e  o f  i t s  i n f l u e n c e  on r e s p ir a t o r y  
m e t a b o l i s m .  The f a c t  th a t  o n ly  t r a c e  amounts o f  oxygen ( f a r  l e s s  than  
th a t  re q u ired  to  induce  r e s p i r a t i o n )  are  s u f f i c i e n t  t o  s t i m u l a t e  h y p h a l  
growth su p p o rts  t h i s  n o t io n  (B o rg ia  e t  a l . ,  1 9 8 5 ) .
Among t h e  s e v e r a l  s p e c i e s  o f  Mucor i n v e s t i g a t e d  s o  f a r ,  t h e  
r e l a t i o n s h i p  between en v iro n m en t  and m o r p h o lo g y  h a s  b e e n  o b s e r v e d  t o  
vary  somewhat. For exam ple ,  a h ig h  c o n c e n t r a t io n  (8%) o f  a ferm e n ta b le  
h ex o se  in  i t s e l f  can ind u ce  th e  y e a s t  m o r p h o lo g y  i n  Mucor g e n e v e n s l s , 
e v e n  u n d e r  an a i r  a t m o s p h e r e  ( R o g e r s  e t  a l . ,  1 9 7 4 ) .  In  c o n t r a s t ,  a 
g lu c o s e  c o n c e n t r a t io n  o f  as l i t t l e  a s  0.1% can  in d u c e  y e a s t  fo r m s  i n  
M ucor r a c e m o s u s , p r o v i d e d  t h e  a t m o s p h e r e  i s  a n a e r o b i c  (M ooney and 
Sypherd, 1 9 7 6 ) .  However, in  ord er  t o  in d u c e  t h e  y e a s t  p h a s e  i n  Mucor 
r o u x i i , e i t h e r  a h ig h  pCC  ^ (> 0 .3  atm) or a h ig h  h e x o se  c o n c e n t r a t io n  (> 
8%), i n  a d d i t i o n  t o  a n a e r o b l o s i s , a r e  r e q u ir e d  ( B a r t n ic k i -G a r c ia  and 
N ic k e r s o n ,  1 9 6 2 a ,b ) .  I t  i s  c o n c e iv a b le  t h a t  one o r  more o f  t h e  a b o v e -  
m e n t io n e d  f a c t o r s  may a c t i v a t e  or s t i m u l a t e  p r o d u c t io n  o f  a r e g u la to r y  
m o lec u le  a t  d i f f e r e n t  th r e s h o ld  c o n c e n t r a t io n s  or v i a  somewhat d i f f e r e n t  
mechanisms in each  s p e c i e s .  For i n s t a n c e ,  r e g u l a t i o n  o f  c y c l : ' .  A M I '  
c o n c e n t r a t i o n  d u r in g  sp o r a n g io sp o r e  g erm in a t io n  seems to  be e x e r te d  a t
9t h e  l e v e l  o f  a d e n y l a t e  c y c l a s e  a c t i v i t y  i n  M u co r  m u c e d o  an d  M. 
g e n e v e n s i s  (O r lo w sk i ,  1980) but by a l t e r a t i o n s  in  th e  a c t i v i t i e s  o f  both  
a d e n y l a t e  c y c l a s e  and p h o s p h o d i e s t e r a s e  in  M. r o u x i i  (C antore e t  a l . ,
1 9 8 0 ) .  I n  an a n a lo g o u s  f a s h i o n ,  we m ig h t  e x p e c t  t h e  i n t r a c e l l u l a r  
l e v e l s  o f  s m a l l  m o l e c u l e s  s e r v in g  as  morphogenic s i g n a l s  in  dimorphism  
to  be c o n t r o l l e d  by a s i m i l a r  s y n t h e s i s - d e g r a d a t i o n  dynamic, th e  p r e c i s e  
b a la n ce  o f  which may be s p e c i e s  s p e c i f i c .
W ith  r e s p e c t  t o  t h e  p o s s i b l e  r o l e  o f  m i t o c h o n d r i a  i n  M u cor  
d i m o r p h i s m ,  t h e s e  o r g a n e l l e s  w o u l d ,  d e p e n d i n g  upon t h e  g a s e o u s  
en v iron m en t,  a f f e c t  th e  b a la n ce  o f  fe r m e n ta t io n  and r e s p i r a t i o n  i n  t h e  
c e l l s .  One or  more m e t a b o l i t e s  from  t h e s e  pathways may s e r v e  as key  
morphogenic r e g u la to r y  s i g n a l s  or m o r p h o l o g y - s p e c i f i c  b u i l d i n g  b l o c k s .  
I n t r a c e l l u l a r  ATP l e v e l s  h a v e  a d i r e c t  r e l a t i o n s h i p  w ith  th e  l e v e l  o f  
o x y g e n - d e p e n d e n t  r e s p i r a t i o n  i n  t h e  m i t o c h o n d r i a  and  an  i n v e r s e  
r e l a t i o n s h i p  w i th  I n t r a c e l l u l a r  c y c l i c  AMP c o n c e n t r a t io n  and may th ereb y  
p la y  an im p ortan t r o l e  In  dim orphism. C i t r i c  a c i d ,  which i s  produced in  
m ito c h o n d r ia ,  i s  a sm a l l  m e t a b o l i t e  th a t  has been proposed as a p o s s i b l e  
r e g u l a t o r y  m e d i a t o r  o f  dimorphism (B o rg ia  e t  a l . ,  1 9 8 5 ) .  A nother such  
m o lec u le  i s  u r e a .  S p e c u la te d  to  be a morphogenic a g e n t ,  i t  i s  a product  
o f  th e  urea  c y c l e  which r e p r e s e n t s  a c o o p e r a t i v e  v e n t u r e  b e tw e e n  th e  
m i t o c h o n d r i o n  and t h e  c y t o p l a s m  ( I n d e r l i e d  e t  a l . ,  1 9 8 5 ) .  At p r e s e n t  
th e r e  i s  no ex p e r im e n ta l  e v id e n c e  to  bear upon th e s e  h y p o t h e t i c a l  r o l e s  
fo r  c i t r a t e  and u rea .
Inderlied and Sypherd (1978) radioisotopically determined the 
p a r t i c i p a t i o n  o f  c a t a b o l i c  p a th w a y s  i n  M. r a c e m o s u s  a s  a f u n c t i o n  o f
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m o r p h o lo g y  and g ro w th  c o n d i t i o n s .  They fo u n d  t h a t  a n a ero b ic  y e a s t s  
c a t a b o l i z e  86% o f  g lu c o s e  through th e  Embden-Meyerhof-Parnts pathway and 
14% through th e  p e n t o s e  p h o s p h a t e  c y c l e .  A e r o b ic  h y p h a e  c a t a b o l i z e  
e s s e n t i a l l y  a l l  g l u c o s e  through  te r m in a l  r e s p i r a t i o n .  C au tion  must be 
tak en  i n  a t te m p t in g  to  r e l a t e  f e r m e n t a t i v e  or  o x i d a t i v e  m e t a b o l i s m  t o  
Mucor d im orphism, f o r  o x i d a t i v e  y e a s t s  and a n a ero b ic  f e r m e n ta t iv e  hyphae 
can  e x i s t .  E xtrem ely  m ic r o a e r o b ic  c u l t u r e s  o f  M. racem osu s , s tu d ie d  by 
P h i l l i p s  and B o r g i a  ( 1 9 8 5 )  and p r e v i o u s l y  t h o u g h t  t o  be r i g o r o u s l y  
a n a e r o b i c  by  M o o n ey  and  S y p h e r d  ( 1 9 7 6 ) ,  can  grow i n  t h e  h y p h a l  
morphology though th ey  a re  t o t a l l y  f e r m e n t a t iv e .  M. r o u x i i  can grow as  
hyphae even  though th e  c e l l s  are  under a n a ero b ic  c o n d i t io n s  and s t r i c t l y  
f e r m e n t a t iv e ,  p rov id ed  th a t  EDTA i s  p r e s e n t  in  th e  medium (Z o rzo p u lo s  e t  
a l . ,  1 9 7 3 ) .  I n  c o n t r a s t ,  th e  a d d i t i o n  o f  c y c l i c  AMP to  c u l t u r e s  o f  M. 
racem osus (L arsen  and Sypherd, 1974) or M. r o u x i i  (P a v e to  e t  a l . ,  1975)  
c a u s e s  b o th  o r g a n i s m s  t o  grow  i n  t h e  y e a s t  form  th o u g h  d i s p l a y i n g  
r e s p i r a t o r y  m etab o lism  in  a i r  ( I n d e r l i e d  and S y p h e r d ,  1 9 7 8 ) .  A number 
o f  o t h e r  m o r p h o p o ie t ic  a g e n ts  (some r e s p i r a t o r y  i n h i b i t o r s ,  o th e r s  n o t )  
a l s o  c o n s t r a in  growth o f  t h e s e  o r g a n i s m s  t o  t h e  y e a s t  form  u n d er  a i r  
( T e r e n z i  and S t o r c k ,  1 9 6 8 ;  C l a r k - W a l k e r , 1 9 7 3 ;  F r i e d e n t h a l  e t  a l . ,  
1 9 7 4 ) .  As m e n t io n e d  e a r l i e r ,  g l u c o s e  a t  a h i g h  c o n c e n t r a t i o n  w i l l  
in d u c e  M. g e n e v e n s i s  t o  grow  a s  a y e a s t  under a i r ,  though th e r e  i s  no 
c l a s s i c a l  " g lu c o s e  e f f e c t ” t o  i n h i b i t  m i t o c h o n d r i a l  f u n c t i o n  i n  t h i s  
o r g a n i s m  a s  i n  S a c c h a r o m y c e s  ( C l a r k - W a lk e r ,  1 9 7 2 ) .  A l f o n s o  e t  a l .  
(1 9 8 6 )  re p o r ted  t h a t  in  minimal medium c e r t a i n  amino a c i d s  in d u c e d  t h e  
y e a s t  form  o f  M. r o u x i i , th o u g h  t h e  o r g a n is m  was grown under a i r  and 
d is p la y e d  r e s p i r a t o r y  m eta b o lism .
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The l a s t  m entioned r e s u l t s  were c o n t r a d i c t o r y  t o  w hat B a r t n i c k i -  
G arcla  and N ick er so n  (1 9 6 2 c )  had observed  y e a r s  b e f o r e .  P erh a p s ,  due to  
a c h a n g e  o f  m e d ia  c o m p o s i t i o n  or m u t a t i o n ,  t h e  t h r e s h o l d  f o r  t h e  
p ro d u c t io n  o f  a morphogenic m ed ia to r  m ight have c h a n g e d .  I n  f a c t ,  one  
m u ta n t o f  M. r a c e m o s u s  h a s  come t o  b e h a v e  l i k e  M. g e n e v e n s l s . T h is  
m u ta n t  (P B 1 0 4 )  grow s a s  a y e a s t  u n d er  a i r  i n  t h e  p r e s e n c e  o f  h ig h  
g l u c o s e  c o n c e n t r a t i o n ,  w h e r e a s  t h e  w i l d  t y p e  o f  M. r a c e m o s u s  needs  
s t r i c t  a n a ero b ic  c o n d i t io n s  to  grow as a y e a s t  (B o rg ia  e t  a l . ,  1 9 8 5 ) .
S e v e r a l  d i f f e r e n t  e x p er im en ts  have s u g g e s t e d  t h a t  t h e r e  may be a 
l i n k  between Mucor morphology and m ito c h o n d r ia l  f u n c t i o n .  I n h i b i t o r s  of  
e l e c t r o n  t r a n s p o r t  o r  o x i d a t i v e  p h o s p h o r y l a t i o n  i n  m i t o c h o n d r i a  or 
i n h i b i t o r s  o f  p r o t e in  s y n t h e s i s  w i t h i n  m i t o c h o n d r i a  in d u c e  t h e  y e a s t  
form to  v a r y in g  d e g r e e s ,  d epending  upon th e  s p e c i e s  o f  Mucor. P o ta ss iu m  
c y a n i d e  and o t h e r  i n h i b i t o r s  o f  e l e c t r o n  t r a n s p o r t  i n  m i t o c h o n d r ia  
I n d u c e  t h e  y e a s t  fo r m  o f  M u co r  ( F r i e d e n t h a l  e t  a l . ,  1 9 7 4  ) .  
C h l o r a m p h e n ic o l ,  an i n h i b i t o r  o f  p r o t e i n  s y n t h e s i s  in  m ito c h o n d r ia ,  
c o n s t r a in s  M. r o u x i i  t o  th e  y e a s t  form when grown in  a i r  (Z orzopu los  e t  
a l . ,  1 9 7 3 ) .  C lark-W alker (1 9 7 3 )  made a s i m i l a r  o b s e r v a t io n  w ith  r e s p e c t  
to  M. g e n e v e n s l s .  P h e n e th y l  a l c o h o l ,  which  has been s u g g e s te d  to  b lo ck
f
o x i d a t i v e  p h o s p h o r y la t io n  in  Mucor (thou gh  th e r e  i s  no e v id e n c e  fo r  t h i s  
c l a i m ) ,  a l s o  I n d u c e d  t h e  y e a s t  form  i n  a e r o b i c a l l y - g r o w n  M. r o u x i i  
( T e r e n z i  and S t o r c k ,  1 9 6 9 ) .  A l l  o f  t h e  a fo rem en tio n ed  m o rp h o p o ie t ic  
a g e n ts  were observed  t o  have th e  i d e n t i c a l  e f f e c t  upon th e  morphology o f  
Mycotypha, a dim orphic genus in  th e  order  M ucorales  t h a t  i s  v er y  s i m i l a r  
to  Mucor (H a ll  and K o la n k a y a ,  1 9 7 4 ;  S c h u l z  e t  a l . ,  1 9 7 4 ) .  O b se rv ed  
d i f f e r e n c e s  in  th e  d eg ree  o f  m orphogenetic  change Induced by i n h i b i t o r s
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In  d i f f e r e n t  s p e c i e s  o f  Mucor may b e  d u e  t o  d i f f e r e n t  t h r e s h o l d  
r e s p o n s e s  t o  th e  m orph ogen et ic  m e d ia to r s  in v o lv e d .  The e x a c t  mechanism  
by which th e  above m entioned i n h i b i t o r s  e f f e c t  th e  m o r p h o g en e t ic  ch a n g e  
a w a i t s  f u r t h e r  s t u d y .  I n  f a c t ,  t h e  p r im a r y  l e v e l  a t  w h ic h  t h e s e  
i n h i b i t o r s  a r e  known t o  a c t  i n  o t h e r  o r g a n i s m s  h a s  n o t  y e t  b e e n  
s u b s t a n t i a t e d  i n  Mucor in  most c a s e s  and cou ld  p o s s i b l y  d i f f e r  (C la r k -  
W alker, 1973; Lyr and C a sp erso n , 1 9 8 2 ) .
A d d i t i o n a l  s u p p o r t  f o r  a p o t e n t i a l  l i n k  b e tw e e n  m i t o c h o n d r i a l  
m e t a b o l i s m  and Mucor d im o r p h ism  com es from  t h e  c h a r a c t e r i z a t i o n  o f  
monomorphic r e s p i r a t o r y  d e f i c i e n t  mutants o f  Mucor b a c i l l i f o r m i s  ( R u i z -  
H e r r e r a  e t  a l . ,  1 9 8 3 ) .  I n  t h i s  s tu d y ,  f o u r t e e n  s t a b l e  m u ta n ts ,  a l l  o f  
which were d e f e c t i v e  in  some a s p e c t  o f  r e s p i r a t o r y  m e t a b o l i s m  grew as  
y e a s t s  u n d e r  b o th  a e r o b i c  and a n a e r o b ic  c o n d i t i o n s .  However, th e  f a c t  
th a t  a l l  o f  th e s e  m utants were p l e i o t r o p i c  w ith  r e s p e c t  to  s e v e r a l  o th e r  
d e f e c t i v e  c h a r a c te r s  s u g g e s t s  c a u t i o n  i n  t h e  i n t e r p r e t a t i o n  o f  t h e s e  
d a t a .  W h ile  t h e r e  a r e  d a t a  from  s e v e r a l  s o u r c e s  s u g g e s t i n g  a l i n k  
betw een m ito c h o n d r ia l  f u n c t io n  and Mucor d im orphism , i t  s h o u l d  be made 
c l e a r  t h a t  m u l t i p l e  s i t e s  o f  c o n t r o l  u ndoubted ly  a re  in v o lv e d  in  Mucor 
dim orphism. D iv e r s e  f u n g ic i d e s  and i n h i b i t o r s  as  d i f f e r e n t  a s  e t h i d i u m  
b r o m id e ,  t y r o c i d i n e ,  a z a u r a c i l ,  a c t i n o m y c i n  D , and g l u t a t h i o n e  a l l  
in d u ce  y e a s t  growth in  Mucor p u s i l l u s  and A ctlnom ucor  e l e g a n s  ( F i s h e r ,  
1 9 7 7 ) .
The p o t e n t i a l  c o m p l e x i t y  o f  m o r p h o g e n ic  r e g u l a t i o n  in  Mucor i s
fu r t h e r  i l l u s t r a t e d  by th e  f a c t  th a t  f e r m e n ta t iv e  m e t a b o l i s m  ar.d yeast 
m o r p h o l o g y  c a n  be s t i m u l a t e d  by c y c l i c  AMP i n  t h e  p r e s e n c e  o f
1.3
m ito ch o n d r ia  f u n c t i o n in g  w ith  a h ig h  r a t e  o f  r e s p i r a t i o n  in  a i r  ( P a v e t o  
e t  a l . ,  1 9 7 5 ) .  I n  t h i s  s t u d y ,  i t  was s p e c u l a t e d  th a t  in  c y c l i c  AMP- 
induced  y e a s t s  a h ig h  l e v e l  o f  g l y c o l y t i c  fu n c t io n  i s  s t im u la t e d  because  
c y c l i c  AMP r e v e r s e s  t h e  i n h i b i t i o n  o f  ATP a n d  c i t r a t e  u p o n  
p h o s p h o f r u c t o k i n a s e .  Based upon some o f  th e  e v id e n c e  p r e s e n te d  in  t h i s  
r e v ie w ,  i t  may be s u g g e s te d  t h a t  m i t o c h o n d r i a  may p o t e n t i a l l y  p la y  a 
r o l e  in  Mucor dimorphism. I t  i s  n o t  y e t  e s t a b l i s h e d  t o  what degree  th a t  
m i t o c h o n d r i a  m ig h t  be r e s p o n s i b l e  f o r  th e  dimorphism and what k ind  o f  
i n t e r a c t i o n  m ito c h o n d r ia  m ig h t  h a v e  w i t h  t h e  u l t i m a t e  c y t o p l a s m i c  or  
n u c le a r  morphogenic m e d ia to r .
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REVIEW: II. MUCOR MITOCHONDRIOGENESIS
O n ly  a f e w  f u n g i  a r e  a b l e  t o  grow u n d er  s t r i n g e n t  a n a e r o b i c  
c o n d i t i o n s ,  a n d  t h e  m o s t  e x t e n s i v e l y  s t u d i e d  o f  t h e s e  i s  t h e  
ascom ycetous y e a s t  Saccharom yces c e r e v i s i a e . I n t e r e s t  In th e  b io g e n e s i s  
of  m ito ch o n d ria  has fo c u se d  on t h i s  organism  because  a n a e r o b ic a l ly -g r o w n  
c e l l s  do n o t  h a v e  m i t o c h o n d r i a l  r e s p i r a t i o n  or cytochrom es a ,  b and c 
(Morpurgo e t  a l . ,  1 9 6 4 ) .  A f t e r  a lo n g  c o n tr o v e r s y  over th e  p rese n c e  o f  
m i t o c h o n d r i a  i n  a n a e r o b ic a l ly -g r o w n  Saccharomyces c e l l s ,  th e  m atter  has  
now b e e n  r e s o l v e d  In  f a v o r  o f  t h e  v i e w  t h a t  p o o r l y  d i f f e r e n t i a t e d  
m i t o c h o n d r i a ,  or  p r o m i t o c h o n d r i a ,  e x i s t  even  under th e  most s t r in g e n t  
a n a ero b ic  c o n d i t io n s  ( P l a t t n e r  and S c h a tz ,  1969; P l a t t n e r  e t  a l . ,  1 9 7 0 ) .  
However, In Mucor i t  was shown by Clark-W alker (1 9 7 2 )  th a t  M. g e n e v e n s ls  
grown under s t r i n g e n t  a n a e r o b i c  c o n d i t i o n s  m a i n t a i n e d  a r e s p i r a t o r y  
c a p a c i t y  and c o n ta in e d  r e c o g n iz a b le  m ito ch o n d ria  w i th  d i s t i n c t  c r i s t a e .  
T h is  w o r k e r  a l s o  fo u n d  t h a t  M. g e n e v e n s l s  d o e s  n o t  d i s p l a y  g l u c o s e  
r e p r e s s i o n  o f  r e s p i r a t o r y  c a p a c i t y ,  w h e r e a s  i n  S_. c e r e v i s i a e  a h ig h  
g l u c o s e  c o n c e n t r a t i o n  r e t a r d s  t h e  r a t e  o f  f o r m a t i o n  o f  r e s p i r a t o r y  
a c t i v i t y  and s i g n i f i c a n t l y  lo w ers  th e  f i n a l  r e s p ir a t o r y  r a t e  (T u s ta n o f f  
and B a r t l e y ,  1 9 6 4 ) .  I n  M. g e n e v e n s l s  grown u n d er  a i r ,  t h e  a c t u a l  
r e s p i r a t i o n  r a t e  i s  low and th e  c e l l s  a re  e s s e n t i a l l y  f e r m e n ta t iv e  under  
a h i g h  g l u c o s e  c o n c e n t r a t i o n  e v e n  though r e s p i r a t o r y  c a p a c i ty  i s  h ig h  
( R o g e r s  e t  a l . ,  1 9 7 4 ) .  I n  M. r a c e m o s u s , g l u c o s e  d o e s  n o t  r e p r e s s  
r e s p ir a t o r y  c a p a c i t y  and th e  c e l l s  remain o x i d a t i v e  (B o r g ia ,  1 9 8 5 ) .
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A n a e r o b i c a l l y  grown M. r o u x i i  y e a s t s  r e p o r t e d l y  had a r e p r e s s e d  
r e s p i r a t o r y  c a p a c i t y ,  and cytochrom e o x i d a s e  and m a l a t e  d e h y d r o g e n a s e  
l e v e l s  w e r e  l o w e r  t h a n  i n  t h e  s p o r e s  fr o m  w h ic h  t h e y  d e v e l o p e d  
( Z o r z o p u lo s  e t  a l . ,  1 9 7 3 ) .  As d e s c r i b e d  a b o v e ,  t h e  d e v e lo p m e n t  o f  
m ito ch o n d r ia  and r e s p ir a t o r y  c a p a c i t y ,  and th e  r e g u l a t i o n  o f  r e s p i r a t o r y  
a c t i v i t y  a r e  v e r y  d i f f e r e n t  i n  Mucor th a n  i n  S a c c h a r o m y c e s . The  
v a r i a b i l i t y  d is p la y e d  f o r  t h e s e  phenomena in  d i f f e r e n t  Mucor s p e c i e s  can 
p r o v i d e  some h i n t s  a s  t o  w h e t h e r  a g i v e n  c h a r a c t e r  i s  p r i m a r y  o r  
m argin a l  to  m ito c h o n d r ia l  d evelop m en t.
A s t r i c t l y  p a s s iv e  r o l e  might be a n t i c i p a t e d  f o r  th e  m ito ch o n d rio n  
i n  c o m m u n ic a t io n  b e tw e e n  t h e  n u c l e u s  and t h i s  o r g a n e l l e  d u r in g  an  
a n a e r o b i c - t o - a e r o b i c  s h i f t  o r  d u r i n g  c a t a b o l i t e  r e p r e s s i o n  i n  
S a cch a ro m y ces  b e c a u s e  m o st  m i t o c h o n d r i a l  p r o t e i n s  a r e  c o d e d  i n  t h e  
n u c l e u s  and s y n t h e s i z e d  in  th e  cytop lasm ; however, a r e c e n t  p u b l i c a t i o n  
by P ar ik h  e t  a l .  ( 1 9 8 7 )  h a s  p r o p o s e d  t h a t  m i t o c h o n d r i a  d o ,  i n  f a c t ,  
i n f l u e n c e  n u c l e a r  g e n e  e x p r e s s i o n  i n  y e a s t .  The p r e s e n c e  o f  f u l l y  
d ev e lo p ed  m ito ch o n d r ia  in  a n a ero b ic  Mucor c e l l s  and t h e  m a in t e n a n c e  o f  
h i g h  r e s p i r a t o r y  c a p a c i t y  i n  g l u c o s e - r i c h  media may s u g g e s t  th a t  th e  
m ito c h o n d r ia  in  Mucor p la y  a more a c t i v e  r o l e  in  t h e i r  own d e v e lo p m e n t  
an d  a r e  c o n t r o l l e d  by  t h e  n u c l e u s  t o  a l e s s e r  d e g r e e  t h a n  i n  
S a c c h a r o m y c e s . EDTA i n d u c e s  Mucor c e l l s  t o  g ro w  a s  h y p h a e  u n d e r  
a n a e r o b i c  c o n d i t i o n s  (Z o r z o p u lo s ,  1 9 7 3 ) .  T hese c e l l s  have p o t e n t i a l l y  
a c t i v e  m ito ch o n d r ia  w ith  th e  same l e v e l  o f  r e s p i r a t o r y  en zy m es  a s  t h e  
ungerm inated  sp o res  from which they  d eve lop ed  even  though they  d i s p la y  a 
v e r y  a c t i v e  a n a ero b ic  f e r m e n ta t io n .  P henethy l a l c o h o l  does not p rev en t  
s y n t h e s i s  o f  cytochrom es or oxygen uptake by i n t a c t  c e l l s  or by i s o l a t e d
m ito ch o n d ria  but I t  r e p o r te d ly  does s i g n i f i c a n t l y  s t i m u l a t e  a l c o h o l i c  
f e r m e n ta t io n  and su p p ress  o x i d a t i v e  p h o sp h o r y la t io n  a l t e r i n g  th e  b a lan ce  
between r e s p i r a t i o n  and fe r m e n ta t io n  (T e r e n z i  and S to r c k ,  1 9 6 9 ) .
A l th o u g h  c h l o r a m p h e n i c o l  e l i m i n a t e s  c y c to c h r o m e  aa^ and b from 
Mucor c e l l s  and a b o l i s h e s  c y a n i d e - s e n s i t i v e  r e s p i r a t i o n ,  i t  n e v e r t h e l e s s  
does n ot  le a d  to  c e l l s  th a t  c o m p le te ly  l a c k  r e s p i r a t o r y  a b i l i t y  a s  in  
th e  c a s e  w i th  _S. c e r e v i s i a e  (C lark-W alk er ,  1 9 7 3 ) .  Grown in  th e  p resen ce  
o f  c h l o r a m p h e n i c o l  t h e  number o f  m ito ch o n d r ia  a c t u a l l y  in c r e a s e d  in  M. 
g e n e v e n s l s , but c o n ta in e d  few er  i n t e r n a l  membranes (C lark-W alker ,  1 9 7 3 ) .  
A l l  o f  th e  monomorphic M. b a c i l l i f o r m l s  m u ta n ts  r e f e r r e d  t o  e a r l i e r  
p r o v e d  t o  be d e f e c t i v e  in  some a s p e c t  o f  m ito c h o n d r ia l  o x i d a t i v e  energy  
m e ta b o lism .  In  th e s e  m utants a m a jo r i ty  d is p la y e d  cAMP l e v e l s  s i m i l a r  
t o  t h a t  fo u n d  i n  a e r o b i c  h y p h a e ,  s u g g e s t in g  th a t  cAMP r e g u l a t i o n  does  
not a f f e c t  th e  main m orphogenet ic  pathway or does not r e p r e s e n t  an e a r ly  
s t e p  in  th e  seq u en ce  (R u iz-H errera  e t  a l . ,  1 9 8 3 ) .  A l l  o f  t h e s e  mutants  
h a v e  lo w  l e v e l s  o f  o r n i t h i n e  d e c a r b o x y la s e  (ODC) s u g g e s t in g  th a t  ODC i s  
a c o r r e l a t e  o f  m orphogenesis  or th a t  e x p r e s s io n  o f  ODC i s  d e p e n d e n t  on 
m i t o c h o n d r i a l  f u n c t i o n .  R e c e n t l y ,  B o r g i a  e t  a l .  ( 1 9 8 5 )  o b t a i n e d  a 
mutant o f  M. racemosus th a t  b ehaves l i k e  w i l d - t y p e  M. g e n e v e n s l s . The  
m u ta n t  h a s  good  r e s p i r a t o r y  c a p a c i t y  b u t  has f e r m e n ta t iv e  m etabolism  
maybe b ecau se  o f  l o s s  o f  r e p r e s s io n  f o r  g l y c o l y t i c  enzyme by oxygen .
A lthough  th e  n u c le o t i d e  seq u en ces  d e s c r ib e d  f o r  Mucor n u c le a r  genes  
a r e  v e r y  s i m i l a r  t o  t h e  s e q u e n c e  o f  t h e  c o u n t e r p a r t  g e n e s  i n  S_.
c e r e v i s i a e  ( L i n z  e t  al  . . 1 9 8 6 )  th e  o r g a n iz a to n  o f  or seq u en ces  w i th in  
th e  m ito c h o n d r ia l  genomes cou ld  be q u i t e  d i f f e r e n t .  V i l l a  and S t o r c k ' s
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( 1 9 6 8 )  o b s e r v a t i o n  t h a t  th e  %GC c o n te n t  o f  M. r o u x i i  m ito c h o n d r ia l  DNA 
i s  38% i n  c o n t r a s t  t o  th e  r e p o r te d  v a lu e  o f  18% in  j>. c e r e v i s i a e  (D ujon,  
1 9 8 1 ) .  S e v e r a l  DNA p robes from th e  S . c e r e v i s i a e  m i t o c h o n d r i a l  genome  
w ere ob served  to  h y b r id i z e  o n ly  w eakly  w i th  Mucor m ito c h o n d r ia l  DNA ( J i ,  
Schramke and O r lo w sk i ,  u n p u b l i s h e d ) .  I f  t h i s  tu rn s  out t o  be th e  c a s e ,  
i t  may r e l a t e  t o  t h e  o b s e r v e d  d i s p a r i t i e s  i n  t h e  r e g u l a t i o n  o f  
m i t o c h o n d r i a l  b i o g e n e s i s  i n  t h e s e  two f u n g i .  I t  i s  not y e t  known how 
many g en es  r e s i d e  w i t h in  th e  m ito c h o n d r ia l  chromosome or how many o t h e r  
g e n e  p r o d u c t s  w h ic h  f u n c t i o n  i n  t h e  m ito c h o n d r io n  are  encoded in  th e  
n u c le u s  o f  Mucor. N e e d le s s  t o  s a y ,  n o th in g  i s  known about m ito c h o n d r ia l  
t r a n s c r i p t i o n  and t r a n s l a t i o n  i n  t h i s  o r g a n i s m .  I t  w o u ld  be v e r y  
i n t e r e s t i n g  t o  s t u d y  th e  autonomy o f  Mucor m ito c h o n d r ia ,  m ito c h o n d r ia -  
n u c le a r  com m unication , mechanisms o f  p r o t e in  im port from  t h e  c y t o p l a s m  
a n d  p r o t e i n  p r o c e s s i n g .  The a v a i l a b i l i t y  o f  DNA p r o b e s  e n c o d i n g  
m ito c h o n d r ia l  p r o t e in s  and RNA s p e c i e s ,  c lo n ed  n u c le a r  gen es  r e g u l a t i n g  
m ito c h o n d r ia l  gene e x p r e s s io n  ( b o t h  o f  w h ic h  a r e  p r e s e n t l y  a v a i l a b l e  
fro m  S a c c h a r o m y c e s  and s e v e r a l  o t h e r  o r g a n i s m s ) ,  t h e  developm ent o f  
p r o t o p l a s t  f u s i o n  (G enther and B o r g ia ,  1978; L a sk er  and B o r g i a ,  1 9 8 0 ) ,  
t r a n s f o r m a t i o n  t e c h n i q u e s  (V a n  H e e s w i j c k  and R o n c e r o ,  1 9 8 4 )  and 
e n r ic h m e n t  m e th o d s  f o r  m u t a n t s  i n  Mucor ( P e t e r s  and S y p h e r d ,  1 9 7 8 ;  
R o n c e r o ,  1 9 8 4 ;  B o r g ia  e t  a l . ,  1 9 8 5 )  w o u ld  make t h e  a b o v e -m e n t io n e d  
s t u d i e s  p l a u s i b l e .
MATERIALS AND METHODS
I .  Organism and C u l t i v a t i o n
Mucor racemosus (M. l u s l t a n i c u s , M. c i r c i n e l l o i d e s ) ATCC 1216B was  
u s e d  i n  a l l  e x p e r i m e n t s .  S t o c k  c u l t u r e s  w e re  m a in t a in e d  on a s o l i d  
growth medium (YPG a g a r )  composed o f  2% ( w t / v o l )  g l u c o s e ,  1% ( w t / v o l )  
B a c t o  p e p t o n e ,  0.3% ( w t / v o l )  B a c t o  y e a s t  e x t r a c t ,  and 3% B acto  agar  
(D i f c o  L a b o r a t o r i e s ,  D e t r o i t ,  M ic h ig a n ) .  The medium was a d j u s t e d  t o  pH 
A . 5 w i t h  c o n c e n t r a t e d  s u l f u r i c  a c i d .  A sm a l l  amount o f  a e r i a l  hyphae 
c o n ta in in g  sp o r a n g lo s p o r e s  was i n o c u l a t e d  o n t o  t h e  c e n t e r  o f  YPG a g a r  
p l a t e s  (100-mm d i a m e t e r )  w h ic h  w e r e  i n c u b a t e d  a t  room t e m p e r a t u r e  
(a p p ro x im a te ly  22°C) fo r  two w e e k s  a t  w h ic h  t im e  s t o c k  c u l t u r e s  w ere  
t r a n s f e r r e d  t o  f r e s h  medium. L iq u id  growth medium (YPG) was th e  same as  
i n d i c a t e d  a b o v e  m i n u s  t h e  a g a r .  G l u c o s e  was a lw a y s  a u t o c l a v e d  
s e p a r a t e ly  from th e  o th er  components o f  th e  medium.
A s p o r a n g i o s p o r e  s u s p e n s i o n  w a s  p r e p a r e d  a s  an  i n o c u l u m  by 
p i p e t t i n g  10 ml o f  s t e r i l e  d i s t i l l e d  w a t e r  i n t o  a 7 - t o - 1 0  d a y s  o ld  
p l a t e .  S c r a p i n g  t h e  su b m erg ed  m y c e l i a l  s u r f a c e  w i t h  a g l a s s  ro d  
r e l e a s e d  t h e  s p o r a n g l o s p o r e s  from  th e  sp o ra n g ia  and suspended them in  
th e  l i q u i d ,  l e a v i n g  th e  hyphae and sp o ra n g io p h o res  a t ta c h e d  t o  t h e  a g a r  
s u r f a c e .  The s p o r a n g lo s p o r e s  were i n o c u la t e d  i n t o  l i q u i d  YPG medium a t  
a f i n a l  c o n c e n t r a t io n  o f  2 x  10"* sp o r e s  per m l. A f t e r  i n o c u l a t i o n  they  
w e r e  I n c u b a t e d  on a r o t a r y  s h a k e r  (200  rpm) a t  room tem p eratu re  w h i le  
bu b b lin g  w a t e r - s a t u r a te d  s t e r i l e  a i r ,  CO  ^ or gas through t h e  medium.  
The f l o w  r a t e s  f o r  e a c h  o f  t h e s e  g a s e s  were as f o l l o w s :  i )  >3 volumes
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o f  a ir /v o lu m e  o f  medium/min; i i )  1 volume o f  (X ^ /v o lu m e  o f  m edium /m in;  
and i i i )  >1 volume o f  ^ / v o l u m e  o f  medium/min.
When a p p r o p r i a t e ,  ch lo ra m p h en ico l  was added t o  c u l t u r e s  a t  a f i n a l  
c o n c e n t r a t io n  o f  4 m g /m l .  When a p p r o p r i a t e ,  c e r u l e n i n  was added  t o  
c u l t u r e s  a t  a f i n a l  c o n c e n t r a t i o n  o f  1 j ig /m l or 3 p g /m l from a s to c k  
s o l u t i o n  o f  20 mg/ml in  e t h a n o l .  C u ltu res  c o n ta in in g  ch lo ra m p h en ico l  or  
c e r u le n in  were sparged  w ith  a i r .  When a p p r o p r ia t e ,  28 mg o f  e r g o s t e r o l  
d i s s o l v e d  i n  3 . 8  ml o f  e t h a n o l  and 2 .8 6  ml o f  Tween 80 were added t o  200  
ml o f  YPG medium (Morpurgo e t  a l . ,  1 9 6 4 ) .  A p p ro p r ia te  c o n t r o l  c u l t u r e s  
c o n ta in e d  e i t h e r  2 .8 6  ml o f  Tween 80 or 3 . 8  ml o f  e t h a n o l  per 200 ml o f  
YPG medium. C u ltu r e s  c o n ta in in g  any com bin ation  o f  e r g o s t e r o l ,  Tween 80 
or e t h a n o l  were sparged  w ith  N£.
I I .  L ig h t  m icroscop y
Mucor c e l l s  grown under th e  v a r io u s  c o n d i t io n s  d e s c r ib e d  above were  
o b s e r v e d  u n d e r  a L e i t z  O r t h o l u x  I  p h a s e - c o n t r a s t  m icro sco p e  (W e tz la r ,  
West Germany) and p hotographs were taken  u s in g  Kodak t e c h n i c a l  pan f i l m  
2415  (A sa  5 0 ) .  The f i l m  was d e v e l o p e d  i n  HC110 d e v e l o p e r ,  f i x e d  in  
Kodak rap id  f i x e r ,  washed w ith  H ypoclear  s o l u t i o n ,  w a t e r  and P h o t o - f l o  
s o l u t i o n  and d r i e d .  P o s t i v e  p r i n t s  w e r e  made on Kodak p o ly c o n t r a s t  
rap id  I I  RC paper.
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I I I .  E le c t r o n  M icroscopy
C e l l s  w e r e  h a r v e s t e d  and f i x e d  i n  a s o l u t i o n  c o n t a i n i n g  2% 
( v o l / v o l )  g l u t a r a l d e h y d e , 1% ( v o l / v o l )  a c r o l e i n ,  0.04% ( w t / v o l )  CaC^  
and 0 . 1  M sodium c a c o d y la te  b u f f e r  (pH 7 . 2 )  a t  4°C f o r  6 h o u r s .  A f t e r  
f i x a t i o n ,  t h e  c e l l s  w ere washed th r e e  t im e s  in  0 .1  M sodium c a c o d y la t e  
b u f f e r  (20  m in u tes  each  t im e f o r  a t o t a l  o f  one h o u r ) .  The c e l l s  w ere  
th e n  embedded in  2% agar ( D i f c o ) .  S p e c im e n -c o n ta in in g  agar b lo c k s  were 
cu t  a p p ro x im a te ly  1 mm by 1 mm by 1 mm w ith  a ra zo r  b la d e  and p o s t - f i x e d  
in  1% osmium t e t r o x i d e  in  0 .1  M sodium c a c o d y la te  b u f f e r  (pH 7 . 2 )  f o r  2 
h o u r s  a t  room t e m p e r a t u r e .  A f t e r  p o s t - f i x a t i o n  t h e  s p e c im e n s  were 
washed th r e e  t im e s  w i th  d i s t i l l e d  w a ter  (2 0  m inutes  ea ch )  and dehydrated  
in  a graded e th a n o l  s e r i e s  o f  30%, 50%, 75%, 90%, 100%, 100% and 100% 
( v o l / v o l )  e a c h  f o r  10 m i n u t e s .  F or  e l e c t r o n  m ic r o s c o p y  o f  i s o l a t e d  
m i t o c h o n d r i a ,  a p p r o p r i a t e  f r a c t i o n s  f r o m  p e r c o l l  g r a d i e n t s  w e r e  
c e n t r i f u g e d  a t  2 0 ,0 0 0  xg f o r  30 min a t  4°C u s in g  a S o r v a l l  SS-34 r o t o r .  
The p e l l e t e d  m ito c h o n d r ia  were f i x e d  i n  a s o l u t i o n  o f  2% g l u t a r a l d e h y d e  
i n  0 . 5  M s u c r o s e - 0 . 1 M sodium c a c o d y la te  b u f f e r  (pH 7 . 2 )  f o r  2 hours and 
washed th r e e  t im e s  w i th  0 .1  M sodium c a c o d y la t e  b u f f e r  (20  m in u tes  each  
t im e f o r  a t o t a l  o f  one h o u r ) .  A f t e r  w a sh in g ,  th e  g lu t a r a l d e h y d e - f i x e d  
m i t o c h o n d r i a l  p e l l e t  was p o s t - f i x e d  w ith  1% osmium t e t r o x i d e  in  0 .1  M 
sodium c a c o d y la t e  b u f f e r .  A l l  re m a in in g  p r o c e d u r e s  w e re  i d e n t i c a l  t o  
th o s e  d e s c r ib e d  ab ove .
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IV . I s o l a t i o n  o f  m ito ch o n d r ia
Two l i t e r s  o f  hyphal c e l l s  grown in  YPG medium f o r  14 hours in  th e  
p rese n c e  o f  sparged a i r  were h a r v e s te d  by vacuum f i l t r a t i o n  on Whatman 3 
MM f i l t e r  p a p er .  A l t e r n a t i v e l y ,  two l i t e r s  o f  y e a s t  c e l l s  grown f o r  20 
hours in  th e  p r e se n c e  o f  sparged  Nj were h a r v e s te d  by c e n t r i f u g a t i o n  fo r  
10 m i n u t e s  a t  1 0 , 0 0 0  xg  a t  4°C u s i n g  a S o r v a l l  GSA r o t o r .  H arvested  
c e l l s  were resusp en d ed  i n  5 0 0  ml o f  IB b u f f e r  (5 0  mM T r i s - H C l ,  0 . 6  M 
m a n n it o l ,  0 . 3  M s o r b i t o l ,  1 mM EDTA, and 0.05% c y s t e i n e  a t  pH 7 . 2 ) .  In  
some ex p er im en ts  t h e  c e l l s  w e r e  w a sh ed  and r e s u s p e n d e d  i n  a s i m i l a r  
b u f f e r  c o n t a i n i n g  e i t h e r  0 . 3  M or 0 . 6  M m a n n i t o l  a s  t h e  s o l e  sugar  
a l c o h o l .  F o l lo w in g  an a d d i t i o n a l  c e n t r i f u g a t i o n  s t e p  t h e  w ash ed  c e l l s  
were resuspended  i n  30 ml o f  IB b u f f e r  and were ground fo r  3 min w ith  an 
e q u a l  v o lu m e  o f  a c i d - w a s h e d  0.5-mm d ia m eter  g l a s s  beads u s in g  an i c e -  
c o ld  m ortar and p e s t l e .  A f t e r  g r i n d i n g ,  t h e  b r o k e n  c e l l / g l a s s  bead  
p a s te  was resuspended  in  80 ml o f  IB b u f f e r .
A f t e r  a l l o w i n g  t h e  g l a s s  b e a d s  t o  s e t t l e  o u t  o f  t h e  s lu r r y  th e  
su p e rn a ta n t  f r a c t i o n  was c e n t r i f u g e d  f o r  10 m i n u t e s  a t  1 , 0 0 0  x g  i n  a 
S o r v a l l  S S -3 4  r o t o r  t o  p e l l e t  u n b ro k en  c e l l s ,  broken c e l l  w a l l s ,  and 
fragm ented  g l a s s  b ea d s .  The r e s u l t i n g  s u p e r n a t a n t  f r a c t i o n  was s a v e d  
and t h e  p e l l e t  was grou n d  a g a i n  t o  e x t r a c t  any r e s i d u a l  m itoch on d ria  
from unbroken c e l l s .  A f t e r  r e p e a t i n g  t h i s  s e q u e n c e  o f  e v e n t s  t w i c e  
m o r e ,  a l l  o f  t h e  s u p e r n a t a n t  f r a c t i o n s  w e re  p o o le d  t o g e t h e r .  T his  
su s p e n s io n  was c e n t r i f u g e d  t w i c e  a t  1 , 0 0 0  xg  f o r  10 m i n u t e s  and e a c h  
time the pellet was discarded. The p r e p a r a t i o n  was  s ub s e q i . K- u i t . l y  
c e n t r i f u g e d  a t  1 0 , 0 0 0  xg  t o  p e l l e t  c r u d e  m i t o c h o n d r i a .  The cr u d e
m i t o c h o n d r i a l  p e l l e t  w a s  r e s u s p e n d e d  i n  60 ml o f  IB b u f f e r  and  
c e n t r i f u g e d  a g a in  fo r  10 m in utes  a t  1 0 , 0 0 0  x g  a t  4 ° C .  The p e l l e t  was  
s u s p e n d e d  i n  a m i x t u r e  o f  4 9 . 7  ml o f  IB b u f f e r  and 2 0 .3  ml o f  P e r c o l l  
( f i n a l  P e r c o l l  c o n c e n t r a t io n :  2 9 % [v /v ] ) .  I s o p y c n ic  c e n t r i f u g a t i o n  was  
p e r fo r m e d  a t  4°C f o r  1 h o u r  a t  5 5 , 0 0 0  x g  u s in g  an SW-41T1 r o t o r  in  a 
Beckman L8-70M u l t r a c e n t r i f u g e .  The top  and bottom  bands t h a t  a p p e a r e d  
on t h e  g r a d i e n t s  w e re  c o l l e c t e d  by s i d e  puncture w ith  a s y r in g e  or by 
drawing them up i n t o  a p i p e t t e .  The c o l l e c t e d  f r a c t i o n s  w e r e  d i l u t e d  
s i x - f o l d  w i t h  IB b u f f e r  and c e n t r i f u g e d  f o r  30 m in  a t  2 0 , 0 0 0  xg to  
s e d im e n t  t h e  m i t o c h o n d r i a .  T h i s  m i t o c h o n d r i a l  p e l l e t  was u s e d  f o r  
e l e c t r o n  m i c r o s c o p y  o r  f o r  t w o - d i m e n s i o n a l  p o l y a c r y l a m i d e  g e l  
e l e c t r o p h o r e s i s  o f  m ito c h o n d r ia l  p r o t e i n s .
V. Measurement o f  oxygen u ptake
A Y e llo w  S p r in g s  In s tru m en ts  Model 53 oxygen p o la r o g r a p h  e q u ip p e d  
w i t h  a C la r k  e l e c t r o d e  w as u s e d  t o  m e a s u r e  r e s p i r a t o r y  a c t i v i t y  in  
m ito ch o n d r ia  p u r i f i e d  on P e r c o l l  g r a d i e n t s .  The e l e c t r o d e  was lo w e r e d  
i n t o  a w a te r - j a c k e te d  g l a s s  chamber m a in ta in ed  a t  32°C . A s o l u t i o n  ( 2 .5  
m l)  c o n t a i n i n g  10 mM KC1, 0 . 6  M m a n n ito l ,  5 mM M gC ^, 30 mM T r is -H C l,  
and 10 mM phosphate  b u f f e r  (pH 7 . 2 )  was p la c e d  i n t o  th e  r e a c t i o n  chamber 
fo l lo w e d  by 100 jul o f  m ito c h o n d r ia l  s u s p e n s io n  c o n t a in in g  a p p r o x im a t e l y  
0 . 2 - 0 . 8  mg o f  m ito c h o n d r ia l  p r o t e i n .  The m ix tu re  was s t i r r e d  f o r  3 min 
w ith  a m agn et ic  s t i r r e r  to  e q u i l i b r a t e  th e  te m p e r a tu r e  and t o  s a t u r a t e  
t h e  s o l u t i o n  w i t h  a i r .  F o l l o w i n g  t h i s  i n t e r v a l ,  t h e  e l e c t r o d e  was 
i n s e r t e d  into th e  sample chamber and t h e  oxygen c o n c e n t r a t i o n  r e a d o u t  
was a d j u s t e d  t o  100% w ith  th e  c u rr en t  a m p l i f i e r .  A f t e r  c e r t i f y i n g  th e
a b sen ce  o f  n o n - s p e c i f i c  oxygen consum ption , s u b s t r a t e - d e p e n d e n t  o x y g e n  
u p t a k e  w a s  i n i t i a t e d  by t h e  a d d i t i o n  o f  5 mM s u c c i n a t e  ( f i n a l  
c o n c e n t r a t io n )  to  th e  sam ple ch a m b er .  M i t o c h o n d r i a l  r e s p i r a t i o n  was  
c h a l l e n g e d  by t h e  i n t r o d u c t i o n  o f  1 mM KCN ( f i n a l  c o n c e n t r a t io n )  i n t o  
t h i s  sy s tem . R e sp ir a to r y  a c t i v i t y  was e x p r e s s e d  as  nanograms o f  o x y g e n  
co n su m ed /m in /m g  o f  m i t o c h o n d r i a l  p r o t e i n .  The oxygen c o n te n t  o f  th e  
i s o l a t i o n  b u f f e r  a t  32°C was p r e v i o u s l y  r e p o r t e d  t o  be 0 . 4 3  m icro g ra m  
atoms o f  0 2 /ml (C happel,  1 9 6 4 ) .
V I .  P o ly a cry la m id e  g e l  e l e c t r o p h o r e s i s  o f  m ito c h o n d r ia l  p r o t e in s
a )  P r e p a r a t io n  o f  sample
M i t o c h o n d r i a  from th e  top  band o f  p e r c o l l  g r a d ie n t s  were c o l l e c t e d  
by c e n t r i f u g a t i o n  as d e s c r ib e d  a b o v e  and w e r e  s u s p e n d e d  i n  300  j i l  o f  
O ' F a r r e l l ' s  " s o n ic a t io n  b u f fe r "  ( 0 .0 1  M T ris -H C l a t  pH 7 . 5 ,  5 mM M gC^,  
and 50 u^g o f  p a n c r e a t ic  RNase per m l) ( O ' F a r r e l l ,  1 9 7 5 )  t o  w h ic h  was  
added 1 mM p h e n y lm e th y ls u l fo n y l  f l u o r i d e  (PMSF). Suspended m ito ch o n d r ia  
were s u b j e c t e d  to  s i x  c y c l e s  o f  s o n i c a t i o n  com prised  o f  a l t e r n a t e  1 0 - s e c  
b u r s t s  and 1 0 - s e c  p auses  u s in g  a Branson s o n i f i e r  W-350 w ith  a 0 . 1 2 5 - i n  
m ic r o t ip  o p era ted  a t  100 W a t t s .  P a n c r e a t i c  DNase 1 was added  t o  t h e  
s u s p e n s i o n  a t  a f i n a l  c o n c e n t r a t i o n  o f  50  yug/ml and th e  m ix tu re  was 
in c u b a te d  on i c e  f o r  15 m in . S o l i d  u rea  was added t o  th e  s u s p e n s io n  a t  
room t e m p e r a t u r e  u n t i l  a f i n a l  c o n c e n t r a t i o n  o f  9 M w as a c h e i v e d .  
S u b seq u en tly  1 volume o f  " l y s i s  b u f fe r "  ( 9 . 5  M u r e a ,  2% ( w / v )  n o n i d e t -  
P 4 0 ,  1.6% a m p h o l in e s  [pH 5 - f o - R ] ,  0.4% am pholines  [pH 3 - t o - 1 0 ]  and 5” 
[ v / v ]  2 -m e r c a p to e th a n o l)  was added to  th e  s u s p e n s io n .  T h is  m ix t u r e  was
i n c u b a t e d  w i t h  i n t e r m i t t e n t  a g i t a t i o n  f o r  30 min t o  e x t r a c t  p r o t e in s  
from  l y s e d  m i t o c h o n d r i a .  N o n s o l u b i l i z e d  m i t o c h o n d r i a l  d e b r i s  was 
s e d i m e n t e d  by c e n t r i f u g a t i o n  f o r  5 min i n  an E p p e n d o r f  M odel 5412  
m i c r o c e n t r i f u g e .  The s u p e r n a t a n t  f r a c t i o n  was c o l l e c t e d  and s t o r e d  
f r o z e n  a t  -7 0 °C .
b ) D e term in a tio n  o f  p r o t e in  c o n c e n t r a t io n
T h e  p r o t e i n  c o n c e n t r a t i o n  o f  s a m p l e s  w a s  d e t e r m i n e d  by a 
m o d i f i c a t i o n  o f  t h e  m eth od  o f  Lowry e t  a l  ( 1 9 5 1 ) .  P r o t e i n s  w e r e  
p r e c i p i t a t e d  f o r  30 min on i c e  a f t e r  ad ding  10 volum es o f  i c e - c o l d  10% 
t r i c h l o r o a c e t i c  a c id  (TCA) to  sa m p le s .  P r e c i p i t a t e s  w ere  c e n t r i f u g e d  
and th e  p e l l e t s  were r in s e d  th r e e  t im es  w i th  c o ld  10% TCA and a i r  d r ie d .  
A ir - d r ie d  p e l l e t s  were d i s s o l v e d  in  1 ml o f  1 N NaOH and h ea te d  a t  90°C 
f o r  10 min. The p rocedu re  o f  Lowry e t  a l .  (1 9 5 1 )  was used t o  d eterm in e  
th e  p r o t e in  c o n c e n t r a t io n s  o f  th e s e  sample u s in g  b o v in e  serum albumin as 
a s ta n d a rd .
c )  Gel e l e c t r o p h o r e s i s
T w o - d i m e n s i o n a l  p o ly a c r y la m id e  g e l  e l e c t r o p h o r e s i s  (2-D  PAGE) was 
performed as  d e s c r ib e d  by 0 ' F a r r e l l  (1 9 7 5 ) .  The c o n c e n t r a t i o n  o f  ta n k  
b u f f e r  and v o l t - h o u r s  were m o d if ied  as d e s c r ib e d  by Duncan and Hershey  
( 1 9 8 4 ) .  F i r s t - d i m e n s i o n  i s o e l e c t r i c  f o c u s i n g  g e l s  w e re  p r e p a r e d  as  
f o l l o w s .  G l a s s  t u b e s  (1 3  cm lo n g ;  3 mm i n s i d e  d ia m e te r )  w ere t r e a t e d  
w ith  S igm acote  (Sigma Chem. C o . ,  S t .  L o u is ,  M0) and s e a le d  at the bottom  
w ith  p a r a f i lm .  The f o l l o w i n g  components were p la c e d  i n t o  a 125-m l s i d e -
arm f l a s k :  5 . 5  gm o f  u r e a ,  1 . 3 3  ml o f  a c r y l a m l d e  s t o c k  (28 .4%  [ w /v ]  , 
1.6%  [ w / v ]  b i s a c r y l a m i d e ) ,  2 ml o f  n o n i d e t  P40 (10% [ v / v ]  s t o c k  
s o l u t i o n ) ,  1 .9 7  ml o f  1 ^ 0 , 0 . 4  ml o f  narrow -range a m p h o l in e s  (pH 5 - t o -  
8 ) ,  and 0 . 1  ml o f  w i d e - r a n g e  a m p h olin es  (pH 3 - t o - 1 0 ) .  A f t e r  th e  urea  
was c o m p le te ly  d i s s o l v e d ,  10 p i  o f  f r e s h  10% ammonium p e r s u l f a t e  w ere  
added t o  th e  s o l u t i o n  which  was d eg a ssed  under vacuum f o r  1 min. Seven  
p i  o f  TEMED were added t o  th e  s o l u t i o n  which was poured i n t o  th e  s e a l e d  
tu b es  to  w i t h in  0 . 5  cm o f  th e  to p .  The p o ly m e r iz in g  g e l s  were o v e r la id  
w ith  8 M urea fo r  2 hours w hich  was th e n  r e p l a c e d  w i t h  20 p i  o f  l y s i s  
b u f f e r  and  f i a n l l y  o v e r l a i d  w i t h  a s m a l l  v o lu m e o f  w a t e r  f o r  two  
a d d i t i o n a l  h o u r s .  The p a r a f i lm  was rem oved and t h e  e n d s  o f  t h e  t u b e s  
w e r e  c o v e r e d  w i t h  d i a l y s i s  membrane. Twenty p i  o f  f r e s h  l y s i s  b u f f e r  
were th en  added t o  th e  top  o f  th e  g e l s  and t h e  t u b e s  w ere  f i l l e d  w i t h  
d e g a s s e d  0 . 0 5  M NaOH. The top  r e s e r v o i r  o f  th e  B io  Rad Model 155 tube  
g e l  e l e c t r o p h o r e s i s  a p p a r a t u s  was f i l l e d  w i t h  0 . 0 5  M NaOH w h i l e  t h e  
b o t to m  r e s e r v o i r  w as f i l l e d  w i t h  0 .0 2 5  M H^PO^. The g e l s  were prerun  
a c c o r d in g  to  f o l l o w i n g  seq u en ce :  200 v o l t s  f o r  15 min; 300 v o l t s  f o r  30
min; and 400 v o l t s  f o r  30 m in . A f t e r  p r e r u n n i n g ,  t h e  u p p e r  r e s e r v o i r  
b u f f e r  was d i s c a r d e d  and l y s i s  b u f f e r  and NaOH were removed from th e  
s u r f a c e  o f  g e l s .
P r o t e in  sam ples  were lo a d ed  on to  th e  g e l s  and were o v e r la i d  w ith  10 
r 1 o f  a s o l u t i o n  c o n t a in in g  9M u r e a ,  0.8% narrow -range am pholines (pH 5 -  
t o - 8 )  and 0.2% w id e -r a n g e  a m p h olin es  (pH 3 - t o - 1 0 ) .  F resh  d e g a s s e d  0 . 0 5  
M NaOH was p o u r e d  i n t o  t h e  t o p  r e s e r v o i r  and th e  g e l s  were run fo r  12
hours a t  800 v o l t s .  The pH g r a d ie n t  o f  th e  g e l  was m ea su red  after th e  
s o l u t e s  in  each  5 on s e c t i o n  o f  the g e l  were a l lo w ed  to  e q u i l i b r a t e  w ith
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2 ml o f  d eg a ssed  d i s t i l l e d  w a te r .  A t y p i c a l  g e l  had a pH range from A .5 
to  7 . 1 .
F or  s e c o n d - d i m e n s i o n  s o d iu m  d o d e c y l  s u l f a t e  (S D S )/p o ly a c ry la m id e  
g e l s ,  s i l i c o n - c o a t e d  (S ig m a -C o te ,  Sigma Chem. C o . ,  S t .  L o u i s ,  MO) g l a s s  
p l a t e s  ( 1 6 . 5  cm x 1 4 . 5  cm; 1 . 7  cm b e v e l l e d  n otch  on f r o n t  p l a t e )  were  
used  w ith  1 .5  mm s p a c e r s .  The r e s o l v i n g  p o r t i o n  o f  t h e  g e l  ( 8  cm i n  
l e n g t h )  co n ta in ed  an 8-to-15%  a cry la m id e  g r a d i e n t .  The s t a c k in g  p o r t io n  
o f  t h e  g e l  ( 5  cm i n  l e n g t h )  c o n t a i n e d  4% p o l y a c r y l a m i d e .  The g e l  
b u f f e r i n g  s y s t e m  was o r i g i n a l l y  d e s c r i b e d  by Laem m li ( 1 9 7 0 ) .  The  
r e s o l v i n g  p o r t i o n  o f  t h e  g e l  w a s  f o r m e d  by m ix i n g  11 ml o f  15% 
acry la m id e  g e l  s o l u t i o n  ( 0 .3 7 5  M T r is -H C l  [pH 8 . 8 ] ,  14.55%  a c r y la m i d e  
[ w / v ] , 0.45% b i s a c r y l a m i d e  [ w / v ] ,  0.1% sodium  d o d e c y l  s u l f a t e  [ w /v ] ,  
0.05% ammonium p e r s u l f a t e  [ w / v ] ,  and 0.025% TEMED [ v / v ] )  and 1 1 .5  ml o f  
8% a c r y l a m i d e  g e l  s o l u t i o n  (same b u f f e r  as  ab ove)  in  a g r a d ie n t  maker. 
The g e l  was o v e r la i d  w i th  a s o l u t i o n  c o n t a i n i n g  0.1% SDS and 0 . 3 7 5  M 
T ris -H C l a t  pH 8 . 8  and a l lo w e d  t o  p o ly m e r iz e .  A f t e r  p o ly m e r iz a t io n  th e  
o v e r la y  b u f f e r  was removed and 4% p o l y a c r y l a m i d e  s t a c k e r  g e l  s o l u t i o n  
(3 .9%  a c r y l a m i d e ,  0.1% b is a c r y  la m id e ,  160 mM T ris -H C l [pH 7 . 0 ] ,  0.007% 
SDS, 0.13% ammonium p e r s u l f a t e ,  and 0.04% TEMED) was poured to  th e  base  
o f  t h e  n o t c h  i n  t h e  g l a s s  p l a t e .  The s t a c k e r  g e l  was o v e r la i d  w ith  a 
s o l u t i o n  c o n ta in in g  0.1% SDS and 160 mM T r i s  a t  pH 7 . 0  and a l l o w e d  t o  
p o ly m e r iz e .
The f i r s t  d im en sion  g e l  was ex tru d ed  from i t s  tube and p la c e d  onto
the top of the stacking gel in  2-to-3 ml of melted 1% agarose (Sigma, 
Type I )  i n  SDS sa m p le  b u f f e r  (5 0  mM T r i s - H C l  [pH 7 . 0 ] ,  2% SDS, 5% 2 -
m e r c a p t o e t h a n o l , 20% s u c r o s e ) .  The g e l  was e l e c t r o p h o r e s e d  I n  a 
s t a n d a r d  S t u d i e r - t y p e  v e r t i c a l  s l a b  g e l  a p paratu s  a t  20 mAmps w ith  SDS 
e l e c t r o d e  b u f f e r  (2 5  mM T r i s / g l y c i n e  [pH 8 . 2 ] ,  and 0.1% SDS) i n  t h e  
b o tto m  r e s e r v o i r  and h ig h  SDS e l e c t r o d e  b u f f e r  (25 mM T r i s / g l y c i n e  [pH 
8 . 2 ] ,  and 2.0% SDS) in  th e  upper r e s e r v o i r .  A f t e r  r u n n in g  20 min t h e  
h ig h  SDS e l e c t r o d e  b u f f e r  i n  t h e  t o p  r e s e r v o i r  was r e p l a c e d  by SDS 
e l e c t r o d e  b u f f e r .  Bromphenol b lu e  was added to  th e  upper r e s e r v o i r  and 
th e  e l e c t r o p h o r e s i s  was co n t in u e d  u n t i l  th e  dye f r o n t  p assed  through th e  
b o t to m  o f  t h e  g e l .  M o l e c u l a r  w e i g h t  s t a n d a r d s  in c lu d e d  b o v in e  serum 
album in  ( 6 6 , 0 0 0 ) ,  o v a lb u m in  ( 4 5 , 0 0 0 ) ,  p e p s i n  ( 3 4 , 7 0 0 ) ,  t r y p s i n o g e n  
( 2 4 , 0 0 0 )  and l y s o z y m e  ( 1 4 , 3 0 0 ) .  For o n e -d im e n s io n a l  S D S /p o lyacry lam id e  
g e l  e l e c t r o p h o r e s i s  th e  r e s o l v i n g  and s t a c k i n g  g e l s  w e re  t h e  same as  
d e s c r i b e d  above f o r  tw o -d im e n s io n a l  g e l s  but w ith  added sample w e l l s  in  
th e  s t a c k in g  g e l .  P r o t e i n  s a m p le s  p r e p a r e d  f o r  t w o - d i m e n s i o n a l  g e l  
e l e c t r o p h o r e s i s  were p la c e d  in  th e  sample w e l l s ,  and e l e c t r o p h o r e s i s  was 
co n t in u e d  a t  20 mAmps u n t i l  th e  dye and am pholine f r o n t s  p a ssed  through  
th e  b o t to m  o f  t h e  g e l .  G e l s  w e r e  f i x e d  and s t a i n e d  o v e r n i g h t  i n  a 
s o l u t i o n  o f  0.05%  ( w / v )  C o o m a s s le  b r i l l i a n t  b l u e  R -250  i n  m eth ano l-  
w a t e r - a c e t i c  a c id  ( 5 : 4 : 1 ) .  The g e l s  were d e s ta ln e d  f o r  24 hour in  2 to  
3 changes o f  m e t h a n o l - w a t e r - a c e t i c  a c id  ( 2 : 7 : 1 )  and photographed th rou gh t 
an orange f i l t e r  in  t r a n s m it t e d  l i g h t  w i th  P o la r o id  Land f i l m  (Type 55 ,  
p o s i t i v e / n e g a t i v e ) .
RESULTS
F ig u re  1 shows a t y p i c a l  hyphal c e l l  o f  M. r a c e m o s u s  grow n i n  an  
a i r  a t m o s p h e r e  a s  o b s e r v e d  under th e  t r a n s m is s io n  e l e c t r o n  m icr o sco p e .  
T h is  c e l l  d i s p l a y s  m i t o c h o n d r i a l  and n u c l e a r  membranes i n  p o s i t i v e  
c o n t r a s t .  Hyphal c e l l s  have an e lo n g a te d  form o f  m ito ch o n d r ia  w i th  w e l l  
d e v e l o p e d  d o u b l e - m e m b r a n e  c r i s t a e  w h i c h  a p p e a r  d a r k e r  th a n  t h e  
su rro u n d in g  c y to p la s m . The s i z e  o f  a t y p i c a l  h y p h a l  m i t o c h o n d r i o n  i s  
a p p r o x i m a t e l y  0 . 2 5  yum by 0 . 5 - t o - 1 . 0  yum. F ig u r e s  2 and 3 p r e s e n t  l i g h t  
m icrographs and t r a n s m is s io n  e l e c t r o n  m icrographs o f  y e a s t  c e l l s  o f  M. 
r a c e m o s u s  grow n u n d e r  a t m o s p h e r e s  o f  100% n i t r o g e n  and 100% carbon  
d io x id e  r e s p e c t i v e l y .  Both y e a s t  s p e c im e n s  d i s p l a y  m i t o c h o n d r i a l  and  
n u c l e a r  m em branes i n  n e g a t i v e  c o n t r a s t .  Both th e  mother c e l l  and bud 
d e p i c t e d  i n  F i g .  3 d i s p l a y  t h e  same d i s t r i b u t i o n  o f  m i t o c h o n d r i a  
th rou gh out th e  cy to p la sm .
The t h i c k n e s s  o f  t h e  c e l l  w a l l  i n  y e a s t  mother c e l l s  i s  about 0 . 4  
yum, which i s  much g r e a t e r  th a n  t h a t  i n  h y p h a l  c e l l s  ( 0 . 0 8  yum) o r  i n  
y e a s t  buds ( a b o u t  0 . 1  yum). The c e l l s  c o n ta in  a  c i r c u l a r  (ab ou t 0 . 4  yim 
i n  d i a m e t e r )  o r  o v a l  ( a p p r o x i m a t e l y  0 . 4  yim by 0 . 6  p m )  f o r m  o f  
m i t o c h o n d r i a  w i th  c r i s t a e  t h a t  a re  w e l l  r e c o g n iz a b le  but l e s s  d eve lop ed  
than  i n  hyphae. C h a n g in g  t h e  f l o w  r a t e  o f  n i t r o g e n  g a s  t h r o u g h  t h e  
c u l t u r e  from  0 . 5  v o lu m e s  o f  ^ / v o l u m e  o f  m edium /m in  t o  3 volum es of  
^ / v o l u m e  o f  medium/min d id  not r e s u l t  in  any d e t e c t a b l e  c h a n g e  i n  t h e  
morphology o f  th e  c e l l  or th e  m ito ch o n d r io n  (d a ta  n ot  shown).
T he o b s e r v a t i o n  t h a t  a n a e r o b i c a l l y  grown y e a s t  c e l l s  o f  M. 
racem osus c o n ta in  m ito c h o n d r ia  w i t h  c l e a r l y  r e c o g n i z a b l e  c r i s t a e  was  
c o n s i s t e n t  w i t h  t h e  p r e v i o u s  o b s e r v a t i o n s  made on M. g e n e v e n s l s  by 
Clark-W alker ( 1 9 7 2 )  and i n  d i s t i n c t  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  o f  
p r o m i t o c h o n d r i a  o r  p o o r ly  d i f f e r e n t i a t e d  m ito ch o n d r ia  in  £>. c e r e v i s i a e  
grown under comparable c o n d i t io n s  ( P l a t t n e r  and S c h a t z ,  1 9 6 9 ;  P l a t t n e r  
e t  a l . ,  1 9 7 0 ) .  The appearance o f  n u c le a r  and m ito c h o n d r ia l  membranes in  
n e g a t i v e  c o n t r a s t  r e s u l t e d  from a l i g h t e r  s t a i n i n g  o f  th e  membranes as  
com pared  w i t h  t h e  c y t o p l a s m  when g l u t a r a l d e h y d e ,  g l u t a r a l d e h y d e ­
a c r o l e i n ,  or p o t a s s i u m  p e r m a n g a n a te  f i x a t i o n  was u s e d  in  t h i s  s tu d y  
(d a ta  n o t  shown). T h is  phenomenon was a l s o  o b s e r v e d  i n  M. g e n e v e n s l s  
w i t h  p o t a s s i u m  perm angan ate  used  as th e  f i x a t i v e  (C lark-W alker ,  1 9 7 2 ) .  
B eca u se  o f  t h i s  d i f f e r e n c e  i n  t h e  s t a i n i n g  p r o p e r t i e s  o f  y e a s t  and  
h y p h a l  c e l l s  a c o m p a r is o n  o f  m i t o c h o n d r i a  i n  t h e  two c e l l  forms was 
c o m p l i c a t e d .  N e v e r t h e l e s s ,  i t  i s  a p p a r e n t  from  F i g .  1 t h a t  h y p h a l  
m ito c h o n d r ia  are  h ig h ly  d i f f e r e n t i a t e d ,  c o n t a in in g  e x t e n s i v e l y  d eve lop ed  
c r i s t a e .  I t  i s  a l s o  e v i d e n t  t h a t  a n a e r o b i o s i s  d o e s  n ot  r e p r e s s  th e  
fo r m a tio n  o f  m ito ch o n d r ia  in  M. racem osus ( F i g s .  2 & 3 ) .  B a s e d  upon a 
r e p o r t  th a t  u n sa tu r a te d  f a t t y  a c i d s  com p rise  l e s s  than 10% o f  th e  t o t a l  
f a t t y  a c id  co n te n t  o f  a n a e r o b ic  y e a s t  c e l l s  o f  M. r o u x i i  a s  com pared  
w i t h  80% i n  a e r o b i c  h y p h a e  (G ordon e t  a l . ,  1 9 7 1 ) ,  i t  was su g g e s te d  by 
Clark-W alker (1 9 7 2 )  th a t  th e  appearance o f  y e a s t  m ito c h o n d r ia l  membranes 
in  n e g a t i v e  c o n t r a s t  may be due t o  a weak r e a c t i o n  o f  membranes w i t h  
f i x a t i v e s  such  as p o ta s s iu m  permanganate or osmium t e t r o x i d e  which have  
been re p o r ted  to  f i x  u n sa tu r a te d  f a t t y  a c i d s  by o x i d i z i n g  d oub le  bonds.
I t  was show n t h a t  m i t o c h o n d r i a l  d e v e lo p m e n t  c o u l d  be s t i m u l a t e d  i n  
S a c c h a r o m y c e s  by s u p p l e m e n t a t i o n  o f  th e  growth medium w ith  e r g o s t e r o l  
and Tween 80 under a n a ero b ic  c o n d i t io n s  (Morpurgo e t  a l . ,  1 9 6 4 ) .
I t  was d e m o n s t r a t e d  t h a t  d im o r p h ism  i n  M. g e n e v e n s i s  i s  n o t  
d i r e c t l y  r e l a t e d  t o  l i p i d  c o m p o s i t i o n  a s  y e a s t  c e l l s  induced t o  grow 
under a e r o b ic  c o n d i t io n s  by th e  m o r p h o p o ie t i c  a g e n t  p h e n e t h y l  a l c o h o l  
had f a t t y  a c i d  and s t e r o l  c o m p o s i t i o n s  c h a r a c t e r i s t i c  o f  a e r o b i c a l l y  
grown h yphal c e l l s  (Gordon e t  a l . ,  1 9 7 1 ) .  In  c o n t r a s t  t o  t h e  p r e v i o u s  
o b s e r v a t i o n ,  c e r u l e n i n ,  w h ic h  i s  known t o  be an i n h i b i t o r  o f  l i p i d  
s y n t h e s i s  (Omura, 1 9 7 6 ) ,  b lo ck ed  th e  y e a s t - t o - h y p h a e  t r a n s i t i o n  i n  M. 
r a c e m o s u s  when added  to  c u l t u r e s  0 . 5  hr b e fo r e  changing th e  atm osphere  
from a n a e r o b ic  to  a e r o b ic  ( I t o  e t  a l . ,  1 9 8 2 ) .  Supplem enting  th e  medium 
w i t h  Tween 8 0 ,  w h ic h  i s  a complex m ix tu re  o f  f a t t y  a c i d s ,  overcame th e  
e f f e c t  o f  c e r u le n in  i n  t h i s  sy stem  ( I t o  e t  a l . ,  1 9 8 2 ) .  E r g o s t e r o l  and  
Tween 80 w e re  t e s t e d  i n  t h e  p r e s e n t  s tu d y  f o r  p o t e n t i a l  m o rp h o p o ie t ic  
e f f e c t s  on both  c e l l u l a r  and m ito c h o n d r ia l  m orphology  i n  M. r a c e m o s u s . 
The g ro w th  medium o f  c u l t u r e s  grown u n d er  a 100% n i t r o g e n  atm osphere  
were supplem ented  w ith  t h e s e  s u b s t a n c e s .  E t h a n o l  s e r v e d  a s  a s o l v e n t  
f o r  e r g o s t e r o l  s t o c k  s o l u t i o n s  and was c o n s e q u e n t ly  t e s t e d  a lo n e  as  a 
c o n t r o l .  In  a l l  c a s e s  t h e  c e l l s  grew  e x c l u s i v e l y  i n  t h e  y e a s t  form  
( F i g s .  4 - 6 ) .  T h e r e  w e r e  no d e t e c t a b l e  u l t r a s t r u c t u r a l  c h a n g e s  in  
m ito c h o n d r ia l  morphology as  v iew ed  under th e  e l e c t r o n  m ic r o s c o p e  ( F i g s .  
4 - 6 ) .  T h e  p r e v i o u s l y  d e s c r i b e d  e f f e c t  o f  Tween 80 i n  o v e r c o m in g  
c e r u le n in - in d u c e d  b lo c k a g e  o f  th e  y e a s t - t o - h y p h a e  t r a n s i t i o n  d u r in g  a 
C O ^ - t o - a i r  a t m o s p h e r i c  s h i f t  ( I t o  e t  a l . ,  1982) was not e x e r te d  during  
g er m in a t io n  o f  M. racemosus s p o r a n g lo s p o r e s  under a n a ero b ic  c o n d i t i o n s .
T h i s  s u b s t a n c e  c o m p l e t e l y  f a i l e d  to  Induce hyphal forms though i t  was 
a lw a y s  p r e s e n t  i n  t h e  m edium . The s t i m u l a t i o n  o f  m i t o c h o n d r i a l  
d e v e l o p m e n t  by e r g o s t e r o l  a n d  T w een  8 0  p r e v i o u s l y  o b s e r v e d  i n  
a n a e r o b i c a l l y  grown Saccharom yces (Morpurgo e t  a l . ,  1 9 6 4 )  was n o t  s e e n  
i n  M u co r , p e r h a p s  b e c a u s e  t h e  a n a e r o b ic  Mucor y e a s t  a lr e a d y  p o s s e s s e d  
r a th e r  w e l l  d ev e lo p ed  m ito c h o n d r ia  w hereas Saccharom yces c o n t a i n e d  o n ly  
p rom itoch on d ria  or very  rudim entary forms o f  th e  o r g a n e l l e .
F i g u r e  7 d e p i c t s  c e l l s  grow n i n  t h e  p r e s e n c e  o f  c e r u l e n i n  a t  a 
f i n a l  c o n c e n t r a t io n  o f  1 yug/ml. When c e r u le n in  was added to  th e  medium 
a t  3 yug/ml in  a s i m i l a r  exp er im en t no g er m in a t io n  o f  s p o r a n g lo sp o r e s  was 
o b s e r v e d  e v e n  a f t e r  tw o d a y s .  E ven  a t  t h e  lo w e r  c o n c e n t r a t io n  o f  1 
^ ig /m l,  c e r u le n in  a l lo w e d  o n ly  a p a r t i a l  g e r m in a t io n  o f  s p o r e s  a f t e r  36 
h o u r s  ( F i g .  7 ) .  M o r e o v e r ,  t h e  g e r m i n a t i o n  o f  s p o r e s  w a s  n o t  
sy n ch ro n o u s .  However, once th ey  had germ inated  m o st  o f  t h e  c e l l s  grew  
a s  h y p h a e ,  a l t h o u g h  o c c a s i o n a l  y e a s t  fo r m s  w e r e  n o t e d  ( F i g .  7 ) .  
M i t o c h o n d r i a l  m o r p h o lo g y  i n  t h e s e  c e l l s  grow n i n  t h e  p r e s e n c e  o f  
c e r u l e n i n  a p p e a r e d  n e a r l y  i d e n t i c a l  t o  th e  morphology o f  m ito ch o n d r ia  
from  a e r o b i c a l l y  grow n h y p h a l  c e l l s  ( F i g .  1 ) .  T h e s e  o r g a n e l l e s  
d is p la y e d  an e lo n g a te d  shape w ith  w e l l  d ev e lo p ed  double-membrane c r i s t a e  
w h ic h  s t a i n e d  i n  p o s i t i v e  c o n t r a s t  under th e  e l e c t r o n  m icro sco p e  ( F i g .  
7 ) .  I t  was c o n c lu d e d  t h a t  c e r u l e n i n  b l o c k s  s p o r e  g e r m i n a t i o n  i n  M. 
r a c e m o s u s , b ut t h o s e  c e l l s  t h a t  can overcome th e  b lo c k  grow as  hyphae 
and d e v e lo p  m ito ch o n d r ia  e s s e n t i a l l y  I n d i s t i n g u i s h a b l e  from  t h o s e  o f  
normal a e r o b ic a l ly -g r o w n  hyphal c e l l s .
A c r y s t a l - l i k e  body c a n  be o b s e r v e d  i n  t h e  e l e c t r o n  m icrograph  
shown in  F i g .  7 .  S im i la r  s t r u c t u r e s  w e re  o b s e r v e d  i n  a l l  c e l l s  grown  
under a l l  o f  th e  v a r io u s  c o n d i t io n s  used  i n  t h i s  s tu d y .  They were a l s o  
ob served  in  th e  bottom band o f  P e r c o l l  g r a d ie n t s  ( F i g s .  12 & 13) d ur in g  
t h e  i s o l a t i o n  o f  m ito c h o n d r ia  from both  y e a s t  and hyphal c e l l s  in  t h i s  
s tu d y .  S im i la r  c r y s t a l - l i k e  s t r u c t u r e s  w e r e  p r e v i o u s l y  d e s c r i b e d  by 
B arrera  (1 9 8 3 )  i n  an u l t r a s t r u c t u r a l  s tu d y  o f  a r th r o s p o r e s  o f  M. r o u x i i .  
The i d e n t i t y  o f  th e s e  s t r u c t u r e s  i s  u n c e r t a in .
F i g u r e  8 sh ow s M. racem osu s  c e l l s  grown under a i r  in  th e  p rese n c e  
o f  c h lo r a m p h e n ic o l .  T hese c e l l s  e x h i b i t e d  a s lo w er  r a t e  o f  growth than  
normal hyphal c e l l s  grown a e r o b i c a l l y .  C e l l  morphology in  such c u l t u r e s  
was n o t  u n i f o r m  b u t  i n c l u d e d  y e a s t  c e l l s ,  s h o r t  hyphae and abnormal 
c l u b - s h a p e d  c e l l s .  I n t e r e s t i n g l y ,  t h e  c e l l s  c o n t a i n e d  many m ore  
m ito c h o n d r ia  than t y p i c a l  a e r o b ic a l ly -g r o w n  hyphal c e l l s .  M oreover, th e  
m i t o c h o n d r i a l  and n u c le a r  membranes appeared in  n e g a t iv e  c o n t r a s t  under 
t h e s e  c o n d it io n s . ,  C lark-W alker (1 9 7 3 )  had p r e v i o u s l y  o b s e r v e d  t h a t  M. 
g e n e v e n s l s  g r o w n  i n  t h e  p r e s e n c e  o f  c h l o r a m p h e n i c o l  c o n t a i n  more 
numerous m ito ch o n d r ia  d i s p l a y i n g  a reduced amount o f  n e g a t i v e l y - s t a i n e d  
i n t e r n a l  m em brane. I t  i s  a p p a r e n t  t h a t  i n h i b i t i o n  o f  m ito c h o n d r ia l  
p r o t e in  s y n t h e s i s  a f f e c t e d  m i t o c h o n d r i a l  d e v e lo p m e n t  and r e s u l t e d  in  
a l t e r e d  f i x a t i o n  and s t a i n i n g  p r o p e r t ie s  o f  th e  m ito c h o n d r ia l  membranes. 
However, i t  i s  n o t  c l e a r  why th e  n u c le a r  membranes were a l s o  a l t e r e d  so  
as to  s t a i n  in  n e g a t iv e  c o n t r a s t .  The m ito c h o n d r ia l  morphology observed  
i n  t h e  p r e s e n c e  o f  c h l o r a m p h e n i c o l  was i n t e r m e d i a t e  b e t w e e n  t h a t  
o b s e r v e d  i n  y e a s t  and h y p h a e  w i t h  r e s p e c t  to  sh ape ,  s i z e  and c r i s t a e  
d evelop m en t.  Throughout t h i s  s tu d y  c e l l  m o r p h o lo g y  and m i t o c h o n d r i a l
m o r p h o l o g y  a p p e a r e d  t o  b e  r e l a t e d :  h y p h a l  c e l l s  h a v e  e l o n g a t e d
m ito c h o n d r ia ,  y e a s t  c e l l s  h a v e  r o u n d - t o - o v a l  m i t o c h o n d r i a  and c e l l s  
grown in  th e  p r e s e n c e  o f  ch lo ra m p h en ico l  d i s p l a y i n g  a shape in t e r m e d ia te  
b e t w e e n  y e a s t  and  h y p h a e  p o s s e s s e d  m i t o c h o n d r i a  w i t h  a s h a p e  
in t e r m e d ia t e  between th o s e  o f  y e a s t  and hyphal m ito c h o n d r ia .  I t  i s  not  
known w h e th e r  t h i s  o b s e r v a t i o n  would remain t r u e  i f  a d d i t i o n a l  growth  
c o n d i t io n s  were t r i e d .
Hyphal c e l l s  grown under a i r  and y e a s t  c e l l s  grown u n d e r  n i t r o g e n  
w e r e  d i s r u p t e d  w i t h  g l a s s  b e a d s  u s i n g  a m o r ta r  and p e s t l e .  A f t e r  
p rep a r in g  a crude m ito c h o n d r ia l  f r a c t i o n  by d i f f e r e n t i a l  c e n t r i f u g a t i o n ,  
m i t o c h o n d r i a  w e re  f u r t h e r  p u r i f i e d  by i s o p y c n i c  c e n t r i f u g a t i o n  i n  
P e r c o l l  d e n s i t y  g r a d i e n t s .  M a t e r ia l  from e i t h e r  y e a s t  or hyphal c e l l s  
was se p a r a te d  i n t o  two bands on P e r c o l l  g r a d i e n t s  ( F i g .  9 A -C ) .  F or  
b o th  c e l l  t y p e s  o n l y  t h e  t o p  band show ed  r e s p i r a t i o n  ( F i g .  9 D ,E ) .  
S p e c i f i c  a c t i v i t y  o f  m a t e r i a l  i n  t h e  t o p  b a n d  fr o m  h y p h a l  c e l l  
p r e p a r a t i o n s  was 30 ng a tom  0 2 /m in /m g  o f  p r o t e in  and t h a t  from y e a s t  
c e l l  p r e p a r a t io n s  was 5 ng atom 0 2 /min/mg o f  p r o t e in  when s u c c i n a t e  was 
u s e d  a s  a s u b s t r a t e .  The r e a s o n s  f o r  t h e  low er measured r e s p ir a t o r y  
,r a t e s  in  i s o l a t e d  y e a s t  m ito c h o n d r ia  cannot be i d e n t i f i e d  w i th  c e r t a i n t y  
a t  t h i s  t im e; h o w e v e r ,  t h e  tw o m ain  p o s s i b i l i t i e s  a r e  i )  t h a t  y e a s t  
m i t o c h o n d r i a  s u f f e r  g r e a t e r  damage d u r in g  i s o l a t i o n  t h a n  h y p h a l  
m ito c h o n d r ia ,  or i i )  th e  y e a s t  m ito ch o n d r ia  a re  n o t  a s  f u l l y  d e v e l o p e d  
a s  t h e  h y p h a l  m i t o c h o n d r i a .  R e s p ir a t io n  was t o t a l l y  i n h i b i t e d  by 1 mM 
KCN in  both y e a s t  and h yph a l m ito c h o n d r ia  ( F i g .  9 D ,E ) .  Measurement o f  
t u r b i d i t y  a t  280 nm a c r o s s  th e  P e r c o l l  g r a d ie n t s  showed th a t  th e  bottom  
band from hyphal p r e p a r a t io n s  c o n ta in e d  20% as  much m a t e r ia l  as  th e  top
band ( F i g .  9 B ) .  None o f  t h i s  m a t e r ia l  d is p la y e d  r e s p i r a t i o n  ( F i g .  9 
F ) .  E le c t r o n  m i c r o s c o p y  i n d i c a t e d  t h a t  t h e  b o t to m  band from  h y p h a l  
p r e p a r a t i o n s  c o n t a i n e d  m a i n l y  c e l l  d e b r i s  and u n i d e n t i f i e d  membrane 
fragm en ts  but o n ly  o c c a s s i o n a l  m ito ch o n d r ia  ( F i g .  1 2 )  The t u r b i d i t y  a t  
2 8 0  nm o f  t h e  b o t to m  band from y e a s t  p r e p a r a t io n s  r e g i s t e r e d  50-80% o f  
th e  v a lu e s  record ed  f o r  th e  t o p  band ( F i g .  9 C ) .  M a t e r i a l  from  t h i s  
b o t to m  band d i s p l a y e d  no r e s p i r a t i o n  ( F i g .  9 G ). E le c t r o n  m icroscopy  
r e v e a le d  th a t  t h i s  band c o n ta in e d  m o st ly  u n i d e n t i f i e d  membrane fragm ents  
but o n ly  o c c a s s i o n a l  m ito c h o n d r ia  ( F i g .  1 2 ) .
When v iew ed  under th e  e l e c t r o n  m i c r o s c o p e ,  t o p  band s on P e r c o l l  
g r a d ie n t s  which had been g e n e r a te d  from a e r o b ic  hyphal c e l l  p r e p a r a t io n s  
r e v e a l e d  a h o m o g en eo u s  p o p u la t io n  o f  i n t a c t  m ito ch o n d r ia  w i th  d i s t i n c t  
c r i s t a e  ( F i g .  1 0 ) .  Top bands on P e r c o l l  g r a d ie n t s  g en er a ted  from y e a s t  
c e l l s  grown u n d e r  n i t r o g e n  r e v e a l e d  c l e a r l y  r e c o g n iz a b le  m ito ch o n d r ia  
b u t  w i t h  l e s s  d i s t i n c t  c r i s t a e  ( F i g .  1 1 ) .  The l a t t e r  p r e p a r a t i o n  
c o n t a i n e d ,  i n  a d d i t i o n ,  some m em brane-bounded  s t r u c t u r e s  o f  v a r i a b l e  
s i z e  and s t a i n i n g  d e n s i t y  w i th  p o o r ly  r e s o l v e d  i n t e r n a l  m em b ran es .  A 
h i g h e r  m a g n i f i c a t i o n  o f  t h e s e  d e n s e  s t r u c t u r e s  r e v e a le d  c r i s t a e - l i k e  
f e a t u r e s  i n  n e g a t i v e  c o n t r a s t  s i m i l a r  t o  t h o s e  o b s e r v e d  i n  t h e  
m i t o c h o n d r i a  o f  i n t a c t  y e a s t  c e l l s  ( F i g .  1 1 ) .  S e v e r a l  p o s s i b i l i t i e s  
e x i s t  w h ic h  may e x p l a i n  t h e s e  d a t a :  i )  The d e n s e r  b o d i e s  may be
im m ature  m i t o c h o n d r i a .  i i )  The d e n s e r  b o d i e s  may r e p r e s e n t  o t h e r  
o r g a n e l l e s  such as m ic r o b o d ie s  or p e r o x iso m e s ,  i i i )  Y ea st  m i t o c h o n d r i a  
may s t a i n  d i f f e r e n t l y  th a n  h y p h a l  m i t o c h o n d r i a  due t o  a d i f f e r e n t  
c o m p o s it io n  o f  th e  m i to c h o n d r ia l  membrane or m a tr ix .  S t a i n i n g  o f  y e a s t  
c e l l s  w i t h  d i a m i n o b e n z i d i n e  d i d  n o t  y i e l d  a n y  d a t a  a l l o w i n g
i n t e r p r e t a t i o n  o f  t h e s e  b o d i e s  a s  p e r o x i s o m e s  ( d a t a  n o t  s h o w n ) .  In  
a d d i t i o n  t o  t h e  s t r u c t u r e s  d e s c r ib e d  a b ove ,  c r y s t a l - l i k e  b o d i e s ,  which  
may p o s s i b l y  come from p e r o x i s o m e s  or v a c u o l e s ,  w e r e  a lw a y s  fo u n d  i n  
b o th  y e a s t  and h y p h a l  c e l l s  b u t  a p p e a r e d  on ly  i n  th e  bottom bands on 
P e r c o l l  g r a d ie n t s  ( F i g .  1 3 ) .  Some dark b o d ie s  which  a re  v i s i b l e  i n s i d e  
o f  v a c u o l e s  ( F i g s .  1 & 2 )  a r e  c l e a r l y  d i f f e r e n t  from  any s t r u c t u r e  
p r e v io u s ly  d e s c r ib e d  h ere  and la c k  a double  membrane.
Based on t h e  o b s e r v a t i o n  o f  C la r k -W a lk e r  ( 1 9 7 1 )  t h a t  a n a e r o b i c  
y e a s t  c e l l s  have l e s s  than  10% u n sa tu r a te d  f a t t y  a c id s  compared w ith  80% 
i n  a e r o b i c  h y p h a l  c e l l s ,  t h e  o b s e r v a t io n  th a t  ch lo ra m p h en ico l  a f f e c t s  
m i t o c h o n d r i a l  m o r p h o lo g y  and s t a i n i n g  p r o p e r t i e s  ( F i g .  8 ) ,  and t h e  
r e s u l t s  o f  2-D  PAGE a n a l y s i s  show ing  a q u a l i t a t i v e  d i f f e r e n c e  between  
y e a s t  and h yphal m ito c h o n d r ia l  p r o t e in s  ( F i g s .  14 & 1 5 ) ,  I  h y p o t h e s i z e d  
t h a t  t h e  y e a s t  and h y p h a l  m i t o c h o n d r i a  m ig h t  d i f f e r  w ith  r e s p e c t  to  
t h e i r  s e n s i t i v i t y  to  o s m o la r i t y .  In  o r d e r  t o  s t u d y  t h i s  p o s s i b i l i t y ,  
y e a s t  m ito c h o n d r ia  were i s o l a t e d  i n  a s e r i e s  o f  b u f f e r s  th a t  w ere 0 .9  M, 
0 . 6  M and 0 . 3  M w i t h  r e s p e c t  t o  th e  sugar  a l c o h o l  c o n c e n t r a t io n .  When 
i s o l a t e d  i n  b u f f e r  c o n t a i n i n g  0 . 6  M s u g a r  a l c o h o l ,  t h e  m i t o c h o n d r i a l  
p o p u l a t i o n  a p p e a r e d  more h om ogeneous w i th  many few er  dense  s t r u c t u r e s  
p r e s e n t  than in  m ito c h o n d r ia l  p r e p a r a t io n s  i s o l a t e d  in  b u f f e r  c o n ta in in g  
0 . 9  M sugar  a l c o h o l .  On th e  o th e r  hand some o f  th e  m ito ch o n d r ia  s t a r t e d  
t o  b u r s t  i n  th e  b u f f e r  a t  0 . 6  M. As th e  c o n c e n t r a t io n  o f  sugar  a lc o h o l  
i n  t h e  b u f f e r  was lo w e r e d  t o  0 . 3  M, most o f  th e  m ito ch o n d r ia  ruptured  
( F i g .  1 1 ) .  H yphal m i t o c h o n d r i a  i s o l a t e d  i n  b u f f e r  a t  0 . 9  M d id  n o t  
in c lu d e  d e n s e l y - s t a i n e d  s t r u c t u r e s .  In b u f f e r  a t  0 .6  M th e  m itochon d ria  
s u f f e r e d  n o ta b le  damage. From th e s e  r e s u l t s  i t  i s  e v id e n t  th a t  a dense
compact form ( F i g .  11 )  i s  c h a r a c t e r i s t i c  o f  y e a s t  m ito c h o n d r ia  and t h a t  
th e  e x t e n t  t o  which t h i s  form p r e v a i l s  i s  dependent upon th e  o s m o la r i ty  
o f  th e  surrounding  en v iron m en t.
The f u l l  co m p lem en t o f  p r o t e i n s  f r o m  b o t h  y e a s t  a n d  h y p h a l  
m i t o c h o n d r i a  w e re  e x t r a c t e d  from  t h e s e  o r g a n e l l e s  f o l l o w i n g  t h e i r  
p u r i f i c a t i o n  on P e r c o l l  g r a d i e n t s .  T h e s e  p r o t e i n  p o p u l a t i o n s  w ere  
a n a l y z e d  by S D S /p o l y a c r y l a m id e  s l a b  g e l  e l e c t r o p h o r e s i s  and 2-D PAGE. 
The 2-D g e l s  r e s o lv e d  th e  p r o t e in s  much b e t t e r  than d id  th e  1-D s la b  g e l  
( F i g .  1 3 ) .  The i s o e l e c t r o f o c u s i n g  d im e n s io n  o f  t h e  2-D  g e l  had a pH 
r a n g e  o f  4 . 5  t o  7 . 1 .  P r o t e i n s  w i th  i s o e l e c t r i c  p o in t s  o u t s i d e  o f  t h i s  
range w e r e  e x c l u d e d  from  t h e  p r e s e n t  2-D  g e l  a n a l y s i s .  A g g r e g a t e d  
p r o t e i n s  w h ic h  c o u ld  n o t  e n t e r  i n t o  th e  i s o e l e c t r o f o c u s i n g  g e l  or th e  
s t a c k e r  g e l  o f  th e  second  d im e n s io n  a r e  a l s o  n o t  sh o w n . The 2-D  g e l  
s e p a r a t e d  a b o u t  100  v i s i b l e  y e a s t  m ito c h o n d r ia l  p r o t e in s  and about 70 
hyphal m ito c h o n d r ia l  p r o t e i n s .  Some p r o t e in  s p o t s  (HMI 1 -  HMI 12) were  
more i n t e n s e  i n  hyphal m ito c h o n d r ia l  f r a c t i o n s  ( F i g .  1 4 )  w h e r e a s  o t h e r  
(YMI 1 -  YMI 1 2 )  w e r e  m o r e  c o n s p i c u o u s  i n  y e a s t  m i t o c h o n d r i a l  
p r e p a r a t io n s  ( F i g .  15) when an i d e n t i c a l  amount (2 0 0  yug) o f  each  p r o t e in  
sample was loaded  on th e  g e l s .  Some o f  th e  "extra" p r o t e in s  from y e a s t  
m i t o c h o n d r i a  w e re  v e r y  f a i n t .  When y e a s t  and h y p h a l  m i t o c h o n d r i a l  
p r o t e in s  were combined and run t o g e t h e r  ( F i g .  16 )  th e  l o c a t i o n s  o f  each  
p r o t e i n  w e r e  i d e n t i c a l ,  s u g g e s t i n g  t h e r e  a r e  no  s i g n i f i c a n t  
m o d i f i c a t i o n s  o f  th e  p r o t e i n s  b e tw e e n  y e a s t  and h y p h a l  m i t o c h o n d r i a .  
M i t o c h o n d r i a  from  y e a s t  c e l l s  grow n u n d e r  n i t r o g e n  c o n ta in  a g r e a te r  
number o f  p r o t e in s  than m i t o c h o n d r i a  from  h y p h a l  c e l l s  grown i n  a i r ,  
h o w e v e r ,  many o f  t h e  y e a s t  m i t o c h o n d r i a l  p r o t e i n s  a r e  l e s s  d e n s e ly
s t a in e d  than t h e i r  hyphal c o u n te r p a r ts  (HMI 1 -  HMI 1 2 ) .  The r e s u l t s  
shown may mean t h a t  p r o t e i n s  w h ic h  a r e  more c o n s p i c u o u s  i n  h y p h a l  
m i t o c h o n d r i a  a r e  more h i g h l y  e x p r e s s e d  i n  a i r .  T he  a l t e r n a t i v e  
p o s s i b i l i t y  t h a t  t h e  " e x t r a "  p r o t e i n s  i n  t h e  y e a s t  m i t o c h o n d r i a l  
f r a c t i o n  may have r e s u l t e d  from c o n t a m in a t io n  by some o t h e r  o r g a n e l l e  
cannot be t o t a l l y  e x c lu d e d .
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When grown under a e r o b ic  n o n - r e p r e s s i v e  c o n d i t i o n s  S a c c h a r o m y c e s
d i s p l a y s  m ax im al e x p r e s s i o n  o f  m ito c h o n d r ia l  d ev e lo p m en t.  When grown
under a n a ero b ic  c o n d i t io n s  Saccharomyces p o s s e s s e s  p o o r ly  d i f f e r e n t i a t e d
m ito ch o n d r ia  known as p ro m ito ch o n d ira .  T h e s e  s t r u c t u r e s  n o t a b l y  l a c k
c r i s t a e  and cy to ch ro m es.  In  the p r e s e n t  s tu d y  a n a e r o b i c a l l y  grown y e a s t
c e l l s  o f  M. r a c e m o s u s  w e re  o b s e r v e d  t o  c o n t a i n  c l e a r l y  r e c o g n iz a b le
m ito ch o n d r ia  w i th  d i s t i n c t  c r i s t a e .  T h is  i s  c o n s i s t e n t  w i th  a p r e v i o u s
o b s e r v a t io n  in  M. g e n e v e n s i s  (C lark-W alk er , 1972) and in  c o n t r a s t  to  th e
o b s e r v a t i o n  o f  p r o m i t o c h o n d r i a  in  Saccharom yces ( P l a t t n e r  and S c h a tz ,
1968; P l a t t n e r  e t  a l . ,  1 9 7 0 ) .  A ero b ic  hyphal m ito c h o n d r ia  and a n a ero b ic
y e a s t  m ito c h o n d r ia  i n  Mucor d i s p l a y e d  d i f f e r e n c e s  i n  a p p a r e n t  s i z e ,
s h a p e ,  c r i t a e  d e v e lo p m e n t  and EM s t a i n i n g  p r o p e r t i e s .  However, th e
c a l c u l a t e d  volum es o f  y e a s t  and hyphal m ito c h o n d r ia  w e r e  a p p r o x i m a t e l y
- 1 3t h e  same a t  3 x  10 c c .  (Volumes w ere c a l c u l a t e d  from th e  f o l l o w i n g
e q u a t io n s :  i )  Volume o f  c i r c u l a r  m ito ch o n d r io n  = 4 / 3 /TT r  5 i i )  Volume
o
o f  e l o n g a t e d  m i t o c h o n d r i o n  ■ 'Tf r 1 ;  w h e r e  "r"  r e p r e s e n t s  t h e  
m ito c h o n d r ia l  r a d iu s  and "1” th e  m ito c h o n d r ia l  l e n g t h . )  The e l o n g a t e d  
form o f  m ito ch o n d r ia  observed  in  hyphae became round in  i s o l a t i o n  medium 
a f t e r  c e l l  b r e a k a g e  and d i s p l a y e d  a p p r o x i m a t e l y  t h e  same s i z e  as  
c i r c u l a r  m ito ch o n d r ia  from y e a s t .
The c o r r e l a t i o n  b e t w e e n  c e l l  m o r p h o l o g y  a n d  m i t o c h o n d r i a l  
m o r p h o lo g y  may be s i g n i f i c a n t .  In d e e d ,  c e l l s  grown In th e  p rese n c e  of  
ch lo ra m p h en ico l  w ith  morphology i n t e r m e d i a t e  b e tw e e n  y e a s t  and h y p h a e
d i s p l a y e d  m i t o c h o n d r i a  w i t h  m o r p h o lo g y  i n t e r m e d i a t e  between th a t  o f  
y e a s t  and hyphae. However, we as y e t  know l i t t l e  about th e  mechanism by 
which m ito c h o n d r ia l  shape i s  d e t e r m i n e d .  I t  d o e s  n o t  seem  p l a u s i b l e  
t h a t  t h e  d i f f e r e n t  m ito c h o n d r ia l  m o rp h o lo g ies  a re  caused  by d i f f e r e n c e s  
i n  th e  c y to p la s m ic  o s m o la r i ty  o f  y e a s t  and hyphal c e l l s .  The Tn v i t r o  
r e s p o n s e  o f  m ito ch o n d r ia  t o  an o sm o tic  change i s  s w e l l i n g  or s h r in k in g .  
The o b s e r v e d  jLn v i v o  d i f f e r e n c e s  i n  s h a p e  may b e  a c c o u n t a b l e  t o  
d i f f e r e n c e s  in  s t r u c t u r e  o f  th e  m ito c h o n d r ia l  membrane or i n f r a s t r u c t u r e  
o f  th e  c y to p la s m ic  m a tr ix  which su p p o rts  th e  o r g a n e l l e .
H yph a l m i t o c h o n d r i a  w e r e  s t a i n e d  i n  p o s i t i v e  c o n t r a s t  and y e a s t  
m ito ch o n d r ia  were s t a i n e d  i n  n e g a t i v e  c o n t r a s t  by EM f i x a t i v e s .  T h i s  
phenom enon a g a i n  s u g g e s t s  t h a t  t h e  m i t o c h o n d r i a l  a n d /o r  c y to p la s m ic  
c o m p o s i t io n  i s  d i f f e r e n t  in  y e a s t s  and hyphae. C a u t io n  m u st be t a k e n ,  
h o w e v e r ,  i n  i n t e r p r e t i n g  m o r p h o lo g y  o b s e r v e d  u n d e r  t h e  e l e c t r o n  
m icro sco p e  as r e p r e s e n t a t i v e  o f  th e  gen u in e  morphology i n s i d e  th e  i n t a c t  
c e l l .  The p o s s i b i l i t y  t h a t  t h e  m o r p h o l o g y  o f  y e a s t  o r  h y p h a l  
m ito ch o n d r ia  m ight be m o d if ie d  by EM f i x a t i v e s  has not been e x c lu d e d .
I t  was p r e v io u s ly  r e p o r te d  th a t  th e  y e a s t  m ito c h o n d r ia l  membrane of  
M. g e n e v e n s i s  co n ta in e d  a much low er u n sa tu r a te d  f a t t y  a c id  c o n te n t  than  
t h e  h y p h a l  m i t o c h o n d r i a l  membrane l e a d in g  t o  r e l a t i v e l y  weak r e a c t io n  
w i t h  EM f i x a t i v e s  ( C l a r k - W a l k e r , 1 9 7 2 ) .  H o w ev e r ,  when s o u r c e s  o f  
u n s a t u r a t e d  f a t t y  a c i d s  s u c h  a s  e r g o s t e r o l  and Tween 80 were added to  
c u l t u r e s  o f  a n a e r o b ic  M. racemosus y e a s t  in  the. p r e s e n t  s t u d y ,  c i r c u l a r  
m i t o c h o n d r i a l  m o r p h o lo g y  and n e g a t i v e  c o n t r a s t  s t a i n i n g  o f  t h e i r  
membranes p e r s i s t e d .  T h is  l a c k  o f  e f f e c t  was n o ta b ly  d i f f e r e n t  than in
S a c c h a r o m y c e s  i n  w h ic h  m i t o c h o n d r i a l  d e v e lo p m e n t  was s t i m u l a t e d  by 
e r g o s t e r o l  and Tween 80 u n d e r  a n a e r o b i o s i s  (M orpurgo  e t  a l . ,  1 9 6 4 ) .  
T h i s  d i s c r e p e n c y  may be a t t r i b u t e d  t o  t h e  f a c t  t h a t  a n a ero b ic  Mucor 
y e a s t  a lr e a d y  p o s s e s s e d  w e l l  d ev e lo p ed  m i t o c h o n d r i a  com pared  w i t h  t h e  
p r o m i t o c h o n d r i a  o f  a n a e r o b i c  S a c c h a r o m y c e s  c e l l s .  However, th e  f a c t  
t h a t  d i f f e r e n t  g ro w th  m ed ia  w e re  u s e d  f o r  S a c c h a r o m y c e s  and Mucor 
c o m p l ic a te s  any d i r e c t  com parison .
Ohno e t  a l .  ( 1 9 7 6 )  had p r e v i o u s l y  shown t h a t  c e r u le n i n ,  a f a t t y  
a c id  s y n t h e t a s e  i n h i b i t o r ,  b l o c k s  s p o r u l a t i o n  o f  c e r e v l s i a e  and  
Brambl e t  a l .  (1 9 7 8 )  r e p o r te d  th a t  c e r u le n in  i n h i b i t s  th e  g erm in a t io n  o f  
B o t r y o d i p l o d i a  s p o r e s .  The y e a s t - t o - h y p h a e  t r a n s i t i o n  o f  M. racemosus  
was b lo ck ed  but growth was n ot  i n h i b i t e d  when c e r u le n in  was added to  th e  
c u l t u r e  b e fo r e  a C X ^ -to -a ir  s h i f t  ( I t o  e t  a l . ,  1 9 8 2 ) .  I n  t h e  p r e s e n t  
s t u d y ,  when c e r u l e n i n  was added a t  a c o n c e n t r a t io n  o f  3 ug /m l to  spore  
s u s p e n s io n s  o f  M. racem osus under a e r o b ic  c o n d i t i o n s ,  g er m in a t io n  in  any 
form  was t o t a l l y  b l o c k e d .  When a d d e d  t o  s p o r e  s u s p e n s i o n s  a t  a 
c o n c e n t r a t i o n  o f  1 p g / m l  t h e  d ru g  i n h i b i t e d  germ tube em ergence in  a 
s u b s t a n t i a l  p o r t io n  o f  th e  sp o re  p o p u la t io n .  However, i t  d id  not induce  
growth i n  th e  y e a s t  form  a t  any c o n c e n t r a t i o n .  I t  i s  p o s s i b l e  t h a t  
b l o c k a g e  o f  th e  y e a s t - t o - h y p h a e  t r a n s i t i o n  by c e r u le n in  and a l l e v i a t i o n  
o f  th e  b lo c k a g e  by Tween 80  may be e x e r t e d  a t  an e n t i r e l y  d i f f e r e n t  
m o l e c u l a r  s i t e  t h a n  t h a t  w h ic h  i s  a f f e c t e d  d u r in g  s p o r a n g i o s p o r e  
g e r m in a t io n .
When c h l o r a m p h e n i c o l ,  an i n h i b i t o r  o f  m i t o c h o n d r i a l  p r o t e i n  
s y n t h e s i s ,  was added t o  a e r o b ic  c u l t u r e s  o f  M. racemosus in  th e  p rese n t
stu d y  c e l l  growth was c o n s id e r a b ly  s lo w er  than n orm al and an I n c r e a s e d  
n u m b e r  o f  y e a s t  c e l l s  an d  a b n o r m a l  c l u b - s h a p e d  c e l l s  w e r e  s e e n .  
A c c o r d i n g  t o  p r e v i o u s  r e p o r t s ,  c h l o r a m p h e n i c o l  i n d u c e d  t h e  y e a s t  
morphology When added t o  c u l t u r e s  o f  M. r o u x i i  c o n t a in in g  5% g lu c o s e  in  
th e  medium. However, a t  low er  c o n c e n t r a t io n s  o f  g lu c o s e  th e  main e f f e c t  
was growth i n h i b i t i o n  w ith  a few p erc en t  o f  th e  c e l l s  f o r m in g  a b n o rm a l  
hyphae (Z o rzo p u lo s  a t  a l . ,  1 9 7 3 ) .  I n  M. g e n e v e n s i s , ch lo ra m p h en ico l  le d  
t o  i n c r e a s e d  num bers o f  y e a s t  c e l l s  and c l u b - l i k e  hyphal forms w ith  an 
accompanying t h r e e - f o l d  in c r e a s e  in  m ass d o u b l i n g  t im e  ( C l a r k - W a l k e r , 
1 9 7 3 ) .  I n  c o n t r a s t  t o  c e r u l e n i n ,  c h l o r a m p h e n i c o l  in d u c e d  a r a t h e r  
d ram atic  change in  th e  number, m o r p h o lo g y  and s t a i n i n g  p r o p e r t i e s  o f  
m i t o c h o n d r i a .  C e l l s  grown in  th e  p r e s e n c e  o f  ch lo ra m p h en ico l  c o n ta in ed  
many more m ito ch o n d r ia  than  n o rm a l h y p h a l  c e l l s .  T h e s e  m i t o c h o n d r i a  
p o s s e s s e d  a m o r p h o lo g y  i n t e r m e d i a t e  between th o s e  i n  y e a s t  and hyphae 
w ith  membranes s t a i n e d  i n  n e g a t i v e  c o n t r a s t .  I t  see m s  a r e a s o n a b l e  
c o n c lu s io n  th a t  i n h i b i t i o n  o f  p r o t e in  s y n t h e s i s  w i t h in  th e  m ito ch o n d rio n  
p er  s e  caused  th e  changes ob served  in  t h i s  o r g a n e l l e .  T h e r e fo r e  i t  may 
be p o s t u l a t e d  t h a t  t h e  c h a r a c t e r i s t i c  n e g a t i v e  c o n t r a s t  o f  y e a s t  
m i t o c h o n d r i a l  membranes may r e s u l t  from r e p r e s s e d  s y n t h e s i s  o f  s p e c i f i c  
p r o t e in s  in  m ito c h o n d r ia  under a n a e r o b ic  c o n d i t i o n s .
F o l lo w in g  p u r i f i c a t i o n  on P e r c o l l  g r a d i e n t s ,  h y p h a l  m i t o c h o n d r i a  
d i s p l a y e d  s i x  t im e s  as much r e s p i r a t o r y  c a p a c i t y  as  y e a s t  m ito c h o n d r ia .  
I t  I s  n o t  y e t  c l e a r  w h eth er  th e  low er r e s p ir a t o r y  c a p a c i t y  o f  p u r i f i e d  
y e a s t  m i t o c h o n d r i a  was more l i k e l y  due t o  damage d ur in g  i s o l a t i o n  or  
a t ta in m e n t  o f  a l e s s  advanced s t a t e  o f  developm ent i n  t-he l i v i n g  c e l l .  
P u r i f i e d  h y p h a l  m i to c h o n d r ia  r e p r e s e n te d  a homogeneous p o p u la t io n ,  a l l
c o n t a i n i n g  c o n s p i c u o u s  c r i s t a e .  Y e a s t  m i t o c h o n d r i a l  p r e p a r a t i o n s  
d i s p l a y e d  a h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  s t r u c t u r e s  i n c l u d i n g  
m ito ch o n d ria  w ith  d i s t i n c t  c r i s t a e  and o t h e r  s t r u c t u r e s  t h a t  a p p e a r e d  
more com pact and d e n s e l y - s t a i n e d  w i t h  p o o r ly  r e s o lv e d  c r i s t a e .  When 
y e a s t  m ito ch o n d r ia  were i s o l a t e d  i n  a b u f f e r  th a t  was 0 . 6  M r a th e r  than  
0 . 9  M w i t h  r e s p e c t  t o  s u g a r  a l c o h o l  c o n c e n t r a t i o n ,  t h e  p o p u l a t i o n  
appeared more h om ogen eou s  and l a c k e d  many o f  t h e  d e n s e r  s t r u c t u r e s .  
However, many o f  th e  m ito c h o n d r ia  s t a r t e d  to  b u r s t  in  th e  0 . 6  M b u f f e r .  
As th e  sugar a l c o h o l  c o n c e n t r a t io n  in  th e  i s o l a t i o n  b u f f e r  was l o w e r e d  
to  0 . 3  M most o f  th e  m ito c h o n d r ia  ruptured ( F i g .  1 1 ) .
H e t e r o g e n e i t y  o f  m i t o c h o n d r i a l  m o r p h o l o g y  and  s t a i n i n g  
c h a r a c t e r i s t i c s  u n d e r  EM i s  a commonly d e s c r i b e d  phenom enon o f t e n  
c o r r e l a t i n g  w i t h  c o m p o s i t i o n  o f  t h e  I s o l a t i o n  b u f f e r  or  g ro w th  
s u b s t r a t e s  ( P r in g ,  1974; Wrogemann e t  a l . ,  1985; Martens e t  a l . ,  1 9 8 6 ) .  
P r i n g  ( 1 9 7 4 )  r e p o r t e d  t h a t  m ito c h o n d r ia  i s o l a t e d  from e t i o l a t e d  maize  
s h o o t s  in c lu d e d  a p o p u la t io n  o f  h o m o g en eo u s  s w o l l e n  s t r u c t u r e s  and a 
p o p u l a t i o n  o f  s m a l l  c o n d e n s e d  m i t o c h o n d r i a  s h o w in g  a h ig h  c o n t r a s t  
between c r i s t a e  and m a t r i x .  He d e m o n s t r a t e d  t h a t  t h e  p o p u l a t i o n  o f  
homogeneous s w o l le n  s t r u c t u r e s  was o f  m e t a b o l i c a l l y  a c t i v e  plum al o r i g i n  
a n d  t h e  s m a l l  c o n d e n s e d  t y p e  was from  m e t a b o l i c a l l y  l e s s  a c t i v e  
c e l e o t l l e  c e l l s .  In  th e  p r e s e n t  s t u d y  a s i m i l a r  phenom enon may h a v e  
b e e n  o b s e r v e d .  I s o l a t e d  i n  0 . 9  M b u f f e r ,  m ito ch o n d r ia  from th e  more 
m e t a b o l i c a l l y  a c t i v e  h y p h a l  c e l l s  h a v e  a more h o m o g en eo u s  ex p a n d ed  
s t r u c t u r e  whereas m ito c h o n d r ia  from th e  l e s s  a c t i v e  y e a s t  in c lu d e  a h ig h  
p e r c e n t a g e  o f  m o re  c o m p a c t  d e n s e l y - s t a i n e d  s t r u c t u r e s .  T h e se  
p o p u l a t i o n s  d i s p l a y e d  d i f f e r e n t i a l  s u s c e p t i b i l i t y  t o  damage by t h e
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o s m o la r i ty  o f  th e  en v iron m en t.
A n a l y s i s  o f  p u r i f i e d  m i t o c h o n d r i a l  p r o t e i n s  by 2D-PAGE showed a 
p o s s i b l e  d i f f e r e n c e  i n  t h e  p r o t e i n  c o m p o s i t i o n  o f  y e a s t  and h y p h a l  
m ito c h o n d r ia .  Y ea st  m ito ch o n d r ia  c o n ta in ed  a g r e a t e r  number o f  p r o t e in s  
th a n  h y p h a l  m i t o c h o n d r i a ,  h o w e v e r ,  many o f  t h e  y e a s t  m i t o c h o n d r i a l  
p r o t e in s  were l e s s  d e n s e l y - s t a i n e d  than t h e i r  hyphal c o u n te r p a r t s .  T h is  
may mean th a t  p r o t e in s  w hich  a r e  more c o n s p i c u o u s  (HM 1 -  HM 1 2 )  a r e  
more h i g h l y  e x p r e s s e d  in  a i r .  The m aintenance o f  c l e a r l y  r e c o g n iz a b le  
m i t o c h o n d r i a  h a v i n g  a r e l a t i v e l y  a c t i v e  r e s p i r a t o r y  c a p a c i t y  i n  
a n a e r o b i c  y e a s t  c e l l s  and th e  a b sen ce  o f  g lu c o s e  r e p r e s s io n  in  a e r o b ic  
h y p h a l c e l l s  o f  Mucor s u g g e s t  t h a t  t h e  e x p r e s s i o n  o f  m i t o c h o n d r i a l  
f u n c t i o n s  a r e  r e g u la t e d  d i f f e r e n t l y  than in  Saccharom yces. Some o f  th e  
p r o t e in s  which were shown t o  be e x p r e s s e d  a t  d i f f e r e n t  l e v e l s  i n  y e a s t  
and h y p h a l  m i t o c h o n d r i a  may h a v e  a c r i t i c a l  r o l e  i n  m i t o c h o n d r i a l  
d i f f e r e n t i a t i o n .  I t  would be e n l i g h t e n i n g  t o  d e t e r m i n e  t h e  m o l e c u l a r  
l e v e l s  a t  w h ic h  t h e  e x p r e s s i o n  o f  t h e s e  d i f f e r e n t i a l l y  s y n t h e s i z e d  
p r o t e in s  are  c o n t r o l l e d .
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F i g .  1 .  T ra n sm iss io n  e l e c t r o n  micrograph o f  a s e c t i o n  o f  a hyphal  
f i l a m e n t  f r o m  an  a e r o b i c  c u l t u r e  o f  M. r a c e m o s u s . N o te  t h a t  a l l  
membranes appear in  p o s i t i v e  c o n t r a s t .  Bar = 1 jum.
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54
F i g .  2 .  L ig h t  m icrograph (LM) and e l e c t r o n  m icrographs (EM) o f  M. 
racem osus y e a s t  c e l l s  grown under an atm osphere o f  100% n i t r o g e n .  Note  
th a t  m ito c h o n d r ia l  and n u c le a r  membranes a p p e a r  i n  n e g a t i v e  c o n t r a s t .  
A) LM o f  r e p r e s e n t a t i v e  f i e l d  o f  c u l t u r e  sam ple .  Bar = 100 yum. B) EM 
o f  i n d i v i d u a l  y e a s t  c e l l  from same c u l t u r e  a s  a b o v e .  Bar = 5 yjm. C) 
E nlargem ent o f  p r e v io u s  EM d e p ic t i n g  morphology o f  t y p i c a l  m ito c h o n d r ia .  
Bar =; 1 yum.
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F i g .  3 .  E l e c t r o n  m i c r o g r a p h  o f  a b u d d in g  y e a s t  c e l l  o f  M. 
racem osus grown under an atm osphere o f  100% c a r b o n  d i o x i d e .  A t h i c k -  
w a l le d  mother c e l l  and a t h i n - w a l le d  bud c o n ta in  n u c l e i  and m ito ch o n d r ia  
o f  i d e n t i c a l  morphology ap p ea r in g  in  n e g a t i v e  c o n t r a s t .  Bar ■= 1 pm.

58
F i g .  A. L i g h t  m ic r o g r a p h  (LM) and e l e c t r o n  m icrograph (EM) o f  M. 
racem osus y e a s t  c e l l s  grown under an atm osphere o f  100% n i t r o g e n  in  th e  
p r e s e n c e  o f  e r g o s t e r o l  and Tween 8 0 .  A) LM o f  r e p r e s e n t a t i v e  f i e l d  o f  
c u l t u r e  sam ple .  Bar = 100 yum. B) EM o f  i n d i v i d u a l  b u d d in g  y e a s t  c e l l  
from same c u l t u r e  as a b o v e .  Bar = 1 yum.
59
60
F i g .  5 .  L i g h t  m ic r o g r a p h  (LM) and e l e c t r o n  m icrograph (EM) o f  M. 
racemosus y e a s t  c e l l s  grown under an atm osphere o f  100% n i t r o g e n  in  th e  
p r e se n c e  o f  Tween 8 0 .  A) LM o f  r e p r e s e n t a t i v e  f i e l d  o f  c u l t u r e  sam ple.  
Bar = 100 u^m. B) EM o f  s i n g l e  y e a s t  c e l l  from  same c u l t u r e  a s  a b o v e .  





F i g .  6 .  L i g h t  m ic r o g r a p h  (LM) and e l e c t r o n  m icrograph (EM) o f  M. 
racemosus y e a s t  c e l l s  grown under an atm osphere o f  100% n i t r o g e n  in  th e  
p r e s e n c e  o f  e t h a n o l .  A) LM o f  r e p r e s e n t a t i v e  f i e l d  o f  c u l t u r e  sam ple.  
Bar = 100 fim. B) EM o f s i n g l e  y e a s t  c e l l  from  same c u l t u r e  a s  a b o v e .  
Bar = 1 yum.
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64
F i g .  7 .  L i g h t  m ic r o g r a p h  (LM) and e l e c t r o n  m icrograph (EM) o f  M. 
raecmosus h yphal c e l l s  grown a e r o b i c a l l y  i n  th e  p r e se n c e  o f  c e r u le n in  a t  
a c o n c e n t r a t io n  o f  1 yug/ml. A) LM o f  r e p r e s e n t a t i v e  f i e l d  o f  c u l t u r e  
s a m p l e .  Bar ■= 100  jam. B) EM o f  s e c t i o n  o f  h yphal f i la m e n t  from same 




F i g .  8 .  L ig h t  m icrograph (LM) and e l e c t r o n  m icrographs (EM) o f  M. 
r a c e m o s u s  c e l l s  grow n u n d e r  a i r  i n  t h e  p r e s e n c e  o f  c h lo ra m p h en ico l .  
N o te  t h a t  m i t o c h o n d r i a l  and n u c l e a r  mem branes a p p e a r  i n  n e g a t i v e  
c o n t r a s t  and t h a t  m i t o c h o n d r i a l  m o r p h o lo g y  i s  i n t e r m e d i a t e  b etw een  
m ito c h o n d r ia l  morphology in  y e a s t  and hyphae. A) LM o f  r e p r e s e n t a t i v e  
f i e l d  o f  c u l t u r e  s a m p l e .  Bar m 100  yum. B) EM o f  i n d i v i d u a l  c e l l  
d i s p l a y i n g  a b err a n t  morphology from same c u l t u r e  as  ab ove .  Bar = 3 /um. 
C) E n l a r g e m e n t  o f  p r e v i o u s  EM d e p i c t i n g  m o r p h o l o g y  o f  t y p i c a l  
m ito c h o n d r ia  in  a b erra n t  c e l l s .  Bar = 1 /im.
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F i g .  9 .  I s o l a t i o n  o f  M. racem osus y e a s t  and hyphal m ito c h o d r ia  on 
P e r c o l l  g r a d i e n t s  and m e a su r em en t  o f  o x y g en  consumption by reco v ered  
g r a d i e n t  f r a c t i o n s .  A) V i s i b l e  d i s t r i b u t i o n  o f  f r a c t i o n a t e d  c r u d e  
m i t o c h o n d r i a  on P e r c o l l  g r a d i e n t s .  B) F r a c t i o n a t i o n  o f  M. racemosus  
h y p h a l  m i t o c h o n d r i a  on P e r c o l l  g r a d i e n t s :  M e a s u r e d  t u r b i d i t y  i n
g r a d i e n t  s c a n n e d  a t  2 80  nm. C) F r a c t i o n a t i o n  o f  M. racemosus y e a s t  
m i t o c h o n d r i a  on P e r c o l l  g r a d i e n t s :  M ea su red  t u r b i d i t y  i n  g r a d i e n t
s c a n n e d  a t  2 8 0  nm. D) O xygen  c o n s u m p t io n  by M. r a c e m o s u s  h y p h a l  
m ito c h o n d r ia  i n  upper band o f  P e r c o l l  g r a d i e n t  and i n h i b i t i o n  by KCN. 
E) O xygen  c o n s u m p t io n  by M. racemosus y e a s t  m ito ch o n d r ia  in  upper band 
o f  P e r c o l l  g r a d i e n t  and  i n h i b i t i o n  by KCN. F )  T e s t  f o r  o x y g e n  
c o n s u m p t io n  by s u b - c e l l u l a r  m a t e r ia l  i n  low er band o f  P e r c o l l  g r a d ie n t  
y i e l d i n g  M. r a c e m o s u s  h y p h a l  m i t o c h o n d r i a .  G) T e s t  f o r  o x y g e n  
c o n s u m p t io n  by s u b - c e l l u l a r  m a t e r ia l  i n  low er band o f  P e r c o l l  g r a d ie n t  
y i e l d i n g  M. racem osus y e a s t  m ito c h o n d r ia .
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F i g .  1 0 .  E le c t r o n  m icrograph o f  h y p h a l  m i t o c h o n d r i a  i s o l a t e d  
b u f f e r  c o n ta in in g  0 . 9  M sugar  a l c o h o l .  Bar «= 1 yum.
r
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F i g .  1 1 .  E l e c t r o n  m icrograp h s  o f  M. racem osus y e a s t  m ito ch o n d r ia  
i s o l a t e d  in  b u f f e r s  o f  v a r y in g  sugar  a l c o h o l  c o n c e n t r a t i o n .  V a l u e s  in  
t h e  u p p e r  l e f t  o f  e a c h  f i g u r e  r e p r e s e n t  t h e  t o t a l  s u g a r  a l c o h o l  
c o n c e n t r a t io n .  A l l  s i z e  bars = 1 jum.
0 .9 M
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F i g .  1 2 .  E le c t r o n  m icrographs o f  s u b - c e l l u l a r  m a t e r ia l  i s o l a t e d  in  
th e  bottom  bands o f  P e r c o l l  g r a d i e n t s .  A) M a t e r i a l  e x t r a c t e d  from  
a e r o b i c  h y p h a l  c e l l s .  Bar = 1 /am. B) M a t e r ia l  e x t r a c t e d  from y e a s t  
c e l l s  grown under a n i t r o g e n  atm osp h ere .  Bar = 1 /urn.
75
.««*.. *< « v  A '•»r" vV-w-*-• • f ' M i -
> i  S ' *  • >
Vi
‘• a  '  a . • :
•■i * ■  , * * ' . •  «
W & - * .
76
F ig .  1 3 .  E le c t r o n  m ic r o g r a p h  o f  c r y s t a l - l i k e  body fo u n d  i n  t h e  
bottom bands o f  P e r c o l l  g r a d i e n t s .  Bar = 0 .2 5  yum.
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F i g .  1 4 .  S D S /P o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  M. racemosus  
y e a s t  and h yphal m i t o c h o n d r ia l  p r o t e i n s .  The Mucor y e a s t  c e l l s  w ere  
g r o w n  u n d e r  a n i t r o g e n  a t m o s p h e r e .  E q u a l  a m o u n t s  ( 1 0 0  ^ug) o f  
m ito c h o n d r ia l  p r o t e in  were a p p l i e d  t o  th e  g e l .  Lanes 1 & 4: M olecu lar
w e i g h t  s t a n d a r d s  ( b o v i n e  serum  a lb u m in ,  6 6 , 0 0 0 ;  o v a lb u m in ,  4 5 ,0 0 0 ;  
g ly c e r a ld e h y d e - 3 -p h o s p h a t e  d eh y d ro g en a se ,  3 6 ,0 0 0 ;  t r y p s i n o g e n ,  2 4 , 0 0 0 ;  
a l p h a - l a c t a l b u m i n ,  1 4 , 0 0 0 ) .  L ane 2 :  h y p h a l  m i t o c h o n d r i a l  p r o t e i n s .  
Lane 3: y e a s t  m ito c h o n d r ia l  p r o t e i n s .
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F i g .  1 5 .  T w o -d im en sio n a l p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  
p r o t e i n s  from  m it o c h o n d r ia  o f  M. racemosus h yphal c e l l s  grown under an 
a i r  a tm osphere .
«*3S*
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F i g .  1 6 .  T w o -d im en s io n a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  
p r o t e i n s  from  m i t o c h o n d r i a  o f  M. racemosus y e a s t  c e l l s  grown under an 
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F i g .  17 .  T w o -d im en sio n a l  p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  
p r o t e in s  in  combined l y s a t e s  o f  m ito ch o n d r ia  from M. racemosus y e a s t  and 
h y p h a e .  The y e a s t  w ere  grown under an atm osphere o f  100% n i t r o g e n  and 
th e  hyphae were grown under a i r .  E q u a l  am ou n ts  o f  p r o t e i n  from  e a c h  
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Chapter II
C lon in g  and Mapping o f  th e  N u c lea r  R ibosom al DNA Repeat U n it  and 




A 9 .76 -K b  n u c le a r  rDNA r e p e a t  u n i t  from M. racemosus was c lo n ed  In  
IS. c o l l  p l a s m i d s  i n  f o u r  o v e r l a p p i n g  p i e c e s  and mapped. The 26S rRNA 
gene was sequenced  in  i t s  e n t i r e t y .  The 5* and 3 '  ends o f  th e  gene were  
i d e n t i f i e d  upon com parison o f  th e  p r e s e n t  n u c le o t i d e  seq u en ce  w i t h  t h a t  
re p o r te d  f o r  th e  26S rRNA gene from Saccharom yces c e r e v l s i a e . The Mucor 
rRNA gene c o n ta in e d  3469 bp, compared w ith  3392 bp in  th e  Saccharomyces  
g e n e .  The main rea so n  f o r  t h i s  d i f f e r e n c e  i s  th e  apparent i n s e r t i o n  o f  
a 106-bp  r e g io n  in  th e  Mucor g e n e .  The 106-bp  segment d i f f e r e d  from th e  
t y p i c a l  G C -r ic h  s e q u e n c e s  found i n s e r t e d  in  h ig h e r  e u k a r y o te s .  E xcept  
f o r  t h i s  r e g i o n ,  t h e  26S rRNA g e n e  o f  Mucor show ed e x t e n s i v e  (79%) 
h o m o lo g y  w i t h  t h a t  o f  Saccharom yces th rou gh out i t s  l e n g t h .  A l l  o f  th e  
t h i r t y  known m e th y la t io n  s i t e s  in  Saccharom yces 26S rRNA were c o n s e r v e d  
i n  M ucor and 75 0  bp s u r r o u n d i n g  t h e s e  s i t e s  showed 98% homology w ith  
th o s e  from S a c c h a r o m y c e s . The g e n e  from  Mucor w as shown t o  p o s s e s s  
a b o u t  7 20  bp more t h a n  th a t  from IE. c o l i , due to  i n s e r t i o n s  o f  v a ry in g  
l e n g t h s .  When t h e s e  s p e c i f i c  s e q u e n c e s  w e re  com pared  i n  Mucor and  
Saccharom yces th ey  d is p la y e d  a much low er (58%) homology than  t h a t  found  
o v e r  t h e  r e s t  o f  t h e  g e n e  (8 5 % ).  T h e s e  f i n d i n g s  r e p r e s e n t  o n ly  th e  
n in th  d e te r m in a t io n  o f  th e  co m p lete  seq u en ce  f o r  a 2 6 S rRNA g e n e  among 
t h e  e u k a r y o t e s ,  t h e  f o u r t h  d e te r m in a t io n  among th e  p r o t i s t s ,  th e  th ir d  
among th e  fu n g i  and th e  f i r s t  among th e  zy g o m y cetes .
MUCOR RIBOSOMAL RNA GENES
I t  has been shown th a t  d u r in g  g er m in a t io n  o f  Mucor s p o r a n g i o s p o r e s  
i n t o  e i t h e r  o f  t h e  a l t e r n a t e  v e g e t a t i v e  m o rp h o lo g ies  ( y e a s t  or hyphae)  
th e  c e l l u l a r  RNA and p r o t e in  components I n c r e a s e  e x p o n e n t i a l ly  (O rlow sk i  
and Sypherd, 1 9 7 8 b ) .  A c h a r a c t e r i s t i c  a c c e l e r a t i o n  i n  t h e  s p e c i f i c  
r a t e s  o f  p r o t e i n  s y n t h e s i s  ( O r l o w s k i  and S y p h e r d ,  1 9 7 7 )  and RNA
i
s y n t h e s i s  (O rlow sk i and S y p h e r d ,  1 9 7 8 a )  was a l s o  r e p o r t e d  d u r in g  t h e  
i n i t i a l  e m e r g e n c e  o f  germ t u b e s  from  y e a s t s  f o l l o w i n g  an a tm osp h er ic  
s h i f t  from  CO2  t o  a i r .  A d e t e r m i n a t i o n  o f  t h e  i n d i v i d u a l  r a t e s  o f  
s y n t h e s i s  f o r  t h e  m a jo r  c l a s s e s  o f  RNA showed th a t  newly-made 25S and 
18S r i b o s o m a l  RNA a c c u m u la t e d  more r a p i d l y  t h a n  m e s s e n g e r  RNA and 
t r a n s f e r  RNA d u r in g  t h e  p e r i o d  o f  m o s t  r a p id  s y n t h e s i s  (O rlow sk i and 
S ypherd, 1 9 7 8 a ) .  Once germ tube emergence was com pleted  and a l l  fu r t h e r  
growth proceed ed  by hyphal e l o n g a t i o n ,  t h e  r a t e  o f  p r o t e i n  s y n t h e s i s  
( O r l o w s k i  and S y p h e r d ,  19 7 7 ) and th e  r a t e s  o f  s y n t h e s i s  o f  a l l  c l a s s e s  
o f  RNA d e c r e a s e d  ( O r l o w s k i  and S y p h e r d ,  1 9 7 8 a ) .  A d i f f e r e n t i a l  
s y n t h e s i s  o f  RNA s p e c i e s ,  such as ob served  in  Mucor, has a l s o  been shown 
i n  a number o f  organ ism s as  a c o r r e l a t e  o f  c e l l  grow th, developm ent and 
d i f f e r e n t i a t i o n .
G e n e r a l l y ,  an i n c r e a s e d  s y n t h e s i s  o f  r i b o s o m a l  RNA h a s  b e e n  
o b s e r v e d  when c e l l s  r e q u i r e  an e l e v a t e d  l e v e l  o f  p r o t e i n  s y n t h e s i s .  
S e v e r a l  m e c h a n ism s  r e g u l a t i n g  r i b o s o m a l  RNA s y n t h e s i s  h a v e  b e e n  
d i s c o v e r e d .  One o f  th e  b e s t  u nd erstood  modes o f  d i f f e r e n t i a l  r ibosom al  
RNA s y n t h e s i s  i s  th e  rRNA gene (rDNA) a m p l i f i c a t i o n  t h a t  o c c u r s  d u r in g
m a c r o n u c le u s  f o r m a t i o n  i n  T e tr a h y m en a  (K a r r e r  and G a l l ,  1 9 7 6 ) ,  and 
d u r in g  o o g e n e s i s  in  Xenopus ( M i l l e r  and B e a t t y ,  1969) and i n s e c t s  ( G a l l  
and R o c h a i x ,  1 9 7 4 ) .  The l a t t e r  re sp o n se  which r e s u l t s  in  an I n cre a sed  
number o f  r i b o s o m e s  i s  in  a n t i c i p a t i o n  o f  h ig h  demands f o r  p r o t e i n  
s y n t h e s i s  d u r in g  em bryo d e v e lo p m e n t .  A more immediate way t o  c o n t r o l  
t h e  i n t r a c e l l u l a r  l e v e l  o f  rRNA i s  t h r o u g h  t h e  r e g u l a t i o n  o f  
t r a n s c r i p t i o n ,  p r o c e s s i n g  and s t a b i l i t y  o f  t h i s  g e n e  p r o d u c t .  The 
a c t i v a t i o n  o f  r i b o s o m a l  RNA g e n e  c h r o m a t in  d u r in g  a c t i v e  g ro w th  was  
d e m o n s t r a t e d  u s i n g  g e n e  s p r e a d i n g  t e c h n i q u e s  ( S c h e e r  e t  a l . ,  1 9 7 7 ) .  
rDNA h a v in g  D Nase 1 h y p e r s e n s i t i v e  s i t e s  was shown t o  be a c t i v e l y  
t r a n s c r ib e d  w h i le  t h e s e  s i t e s  were a b sen t  i n  u n ex p ressed  rDNA in  Xenopus 
( V o lp e  e t  a l . ,  1 9 8 3 ) .  R em oval o f  m e t h y l  groups from th e  rDNA during  
e a r ly  developm ent in  Xenopus (B ird  e t  a l . ,  1981) and d ecr ea sed  l e v e l s  of  
rDNA g e n e  m e t h y l a t i o n  i n  r a p i d l y  g r o w in g  c e l l s  i n  r a t  (K u n n ath  and  
L o c k e r ,  1 9 8 2 )  w ere  c o r r e l a t e d  w ith  th e  o n s e t  o f  a c t i v e  rRNA s y n t h e s i s .  
In c r e a s e d  rRNA s y n t h e s i s  was accompanied by a p r o p o r t i o n a l  i n c r e a s e  i n  
RNA p o ly m e r a s e  1 l e v e l  i n  p h y t o h e m a g g l u t i n i n - s t i m u l a t e d  lym phocytes  
(J a e h n in g  e t  a l . ,  1975) and d i f f e r e n t i a l  rRNA s y n t h e s i s  was c o r r e l a t e d  
w i t h  t h e  a c t i v a t i o n  o f  RNA p o l y m e r a s e  i s o e n z y m e s  i n  H i s t o p l a s m a  
cap su latum  ( B o g u s la w s k i  e t  a l . ,  1 9 7 4 ) .  Young and W h i t e l y  ( 1 9 7 5 a , b )  
dem onstrated  changes in  th e  l e v e l  o f  RNA polym erase  I  d ur in g  th e  y e a s t -  
to -h yp h a  t r a n s i t i o n  in  Mucor r o u x l i  t h a t  c o r r e l a t e  p r e c i s e l y  w i t h  t h e  
r a t e s  o f  rRNA s y n t h e s i s  o b serv ed  by O rlow ski and Sypherd (1 9 7 8 a )  i n  M. 
r a c e m o s u s . Some t r a n s c r i p t i o n a l  f a c t o r s  w ere  d e m o n s t r a t e d  t o  be  
i n v o l v e d  i n  d i f f e r e n t i a l  rRNA s y n t h e s i s  d u r in g  rRNA t r a n s c r i p t i o n  
i n i t i a t i o n  (C ram pton  and W o o d la n d ,  1 9 7 9 ;  S h i o k a w a  e t  a l . ,  1 9 7 7 ;  
H i l d e b r a n d t  and S a u e r ,  1 9 7 7 ) ,  t e r m i n a t i o n  (L e e r  e t  a l . ,  1 9 7 9 )  and
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p r o c e s s in g  o f  pre-rRNA (E ck er t  and K a ffe n b e r g e r ,  1 9 8 0 ) .
I n  b o th  p r o k a r y o t e s  and e u k a r y o t e s  t h e  s y n t h e s i s  o f  rRNA and  
r i b o s o m a l  p r o t e i n s  a r e  r e g u l a t e d  t o g e t h e r .  When th e r e  i s  no p r o te in  
s y n t h e s i s ,  t h e  t r a n s c r i p t i o n  and p r o c e s s i n g  o f  rRNA a r e  r e d u c e d  or  
a b o l i s h e d  (G a u s in g ,  1 9 7 7 ) .  In  th e  ab sen ce  o f  rRNA s y n t h e s i s ,  p r e v io u s ly  
s y n t h e s i z e d  r i b o s o m a l  p r o t e i n s  a r e  d e g r a d e d  (W a rn er ,  1 9 7 7 ) .  Some 
r ib o so m a l p r o t e in s  b ind  t o  g r o w in g  pre-rR N A  c h a i n s  e v e n  b e f o r e  t h e i r  
t r a n s c r i p t i o n  i s  c o m p l e t e d  (C h o i  and L e i b y ,  1 9 8 1 )  l e a d i n g  t o  t h e  
s t a b i l i z a t i o n  o f  pre-rRNA and proper a s s e m b l y  o f  t h e  r i b o s o m e .  I t  i s  
n o t  y e t  known by what mechanism d i f f e r e n t i a l  s y n t h e s i s  o f  r ib osom al RNA 
i s  g o v e r n e d  d u r in g  s p o r a n g i o s p o r e  g e r m i n a t i o n  o r  y e a s t - t o - h y p h a e  
m orphogenesis  in  Mucor.
C ih la r  and Sypherd (1 9 8 0 )  have c lo n ed  a 10-Kb rDNA r e p e a t  u n i t  from
a g e n o m ic  l i b r a r y  o f  Mucor racemosus c o n s tr u c te d  in  th e  p lasm id  pBR322, 
32u s in g  P - l a b e l l e d  rRNA's a s  p r o b e s .  T h i s  rDNA seg m en t  o f  t h e  Mucor  
r a c e m o s u s  genome c o d e d  f o r  th e  25S , 18S , 5 .8 S  and 5S rRNA s p e c i e s .  In  
t h i s  s tu d y  th e  rRNA gene o r d e r  was shown t o  be 5 S - 1 8 S - 5 . 8 S - 2 5 S .  The  
s i z e  o f  o n e  r e p e a t  u n i t  w a s  v e r y  s i m i l a r  t o  t h a t  r e p o r t e d  f o r  
Saccharom yces c e r e v l s i a e  (Nath and B o l l e n ,  1 9 7 7 ) .  T hese r e s u l t s  showed  
t h a t  t h e  o r g a n i z a t i o n  o f  Mucor rDNA f o l l o w s  th a t  g e n e r a l  t o  e u k a r y o te s ,  
i . e . ,  1 8 S -5 .8 S - 2 5 S .  The d a ta  a l s o  showed th a t  th e  5S rRNA gene in  Mucor 
i s  a s s o c i a t e d  w ith  th e  o th e r  rRNA g en es  a s  i n  S a c c h a r o m y c e s  (N a th  and 
B o l l e n ,  1 9 7 7 )  and D i c t y o s t e l i u m  (M a iz e l s ,  1 9 7 6 ) .  In  c o n t r a s t ,  Physarum 
(H a l l  and Braun, 1 9 7 7 ) ,  Tetrahymena ( T o n n e s s e n  e t  a l . ,  1 9 7 6 ) ,  X enopus  
(Pardue e t  a l . ,  1973) and most h ig h e r  eu k a ry o te s  (Long and Dawid, 1980)
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p o s s e s s  a 5S rDNA th a t  i s  n o t  l in k e d  w ith  th e  1 8 S - 5 .8 S - 2 6 S  rDNA r e p e a t  
u n i t .  N e v e r t h e l e s s  t h e  t r a n s c r i p t i o n  u n i t  o f  5S rRNA in  Saccharomyces  
i s  s e p a r a t e  from t h a t  o f  t h e  pre-rR N A  c o n t a i n i n g  t h e  1 8 S ,  2 8 S ,  5 . 8 S  
RNA's and th e  accompanying s p a cer  seq u en ces  (Veldmann e t  a l . ,  1 9 8 1 ) .
A l th o u g h  t h e  o r d e r  o f  t h e  rRNA gen es  has remained s t a b l e  in  most 
eu k a ry o te s  d u r in g  e v o l u t i o n ,  th e  l e n g t h  o f  th e  rDNA r e p e a t  u n i t  v a r i e s  
from  a b o u t  10 Kb i n  y e a s t  (N a th  and B o l l e n ,  1 9 7 7 )  t o  about 40 Kb in  
mammals (W e ll la u e r  and Dawid, 1973) due to  a v a r i a t i o n  in  sp a cer  l e n g th .  
A lso  th e  l e n g t h  o f  th e  "26S" rRNA p r o g r e s s i v e l y  I n c r e a s e s  a s  on e  g o e s  
from Saccharom yces (3393  n u c l e o t i d e s ;  Veldmann e t  a l . ,  1981; G eo rg iev  e t  
a l . ,  1 9 8 1 ) ,  t o  X enop u s ( 4 1 1 0  n u c l e o t i d e s ;  Ware e t  a l . ,  1 9 8 3 ) ,  t o  r a t  
(4 7 1 8  n u c le o t i d e s ;  Chan e t  a l . ,  1 9 8 3 ) ,  b e in g  a consequence  o f  I n s e r t i o n s  
o f  g u a n o s i n e - c y t o s i n e - r i c h  s e q u e n c e s .
I n tr o n s  have been found i n  26S rDNA i n  D r o s o p h i l a  ( W e l l a u e r  and 
D a w id ,  1 9 7 7 ) ,  P hysarum  (C a m p b e l l  e t  a l . ,  1 9 7 9 ) ,  Tetrahymena (Wild and 
G a l l ,  1979) and th e  m ito c h o n d r ia l  22S rRNA gene in  Saccharom yces (Bos e t  
a l . ,  1 9 7 8 ) .  I n  D r o s o p h i l a  m e l a n o g a s t e r  t h r e e  t y p e s  o f  i n t e r v e n i n g  
s e q u e n c e s  w e r e  fo u n d  (Long and Dawid, 1980; W ellau er  and Dawid, 1 9 7 3 ) .  
A s y s t e m a t i c  s tu d y  fo r  th e  p r e s e n c e  o f  i n t e r v e n i n g  s e q u e n c e s  i n  Mucor  
rDNA h a s  n o t  b e e n  p e r fo r m e d  y e t .  E u k a r y o t i c  5S rDNA from about 250 
s p e c i e s  (Erdmann e t  a l . ,  1 9 8 5 ) ,  5 .8 S  rDNA from about 40 s p e c i e s  (Erdmann 
e t  a l . ,  1 9 8 5 ) ,  18S rDNA from 9 s p e c i e s ,  and 26S rDNA from 8 s p e c i e s  have  
been sequenced  (B rim acom be and S t e i g e ,  1 9 8 5 ;  G o n z a le z  e t  a l . ,  1 9 8 5 ;  
Takaiwa e t  a l . ,  1 9 8 5 ) .  In  a d d i t i o n ,  m ito c h o n d r ia l  and c h l o r o p l a s t  sm a ll  
s u b u n i t  rRNA and l a r g e  s u b u n i t  rRNA h a v e  been sequenced  from about a
dozen s p e c i e s  (Brimacombe and S t i e g e ,  1 9 8 5 ) .  A n o t a b l e  f e a t u r e  o f  t h e  
p r im a r y  s t r u c t u r e  o f  t h e  rRNA i s  t h e  p r e s e n c e  o f  m e t h y l a t e d  b a s e s .  
Y ea st  26S rRNA c o n t a i n e d  43 m e t h y l  g r o u p s  and 18S rRNA c o n t a i n e d  24 
m ethyl groups (K lo o tw ijk  and P la n t a ,  1 9 7 3 ) .  In  HeLa c e l l s ,  th e  18S rRNA 
c a r r i e d  46 m e t h y l  g r o u p s  and t h e  28S  rRNA c a r r i e d  68 m e t h y l  groups  
r e s p e c t i v e l y  (Maden e t  a l . ,  1 9 7 2 ) .  The f u n c t i o n a l  r o l e  o f  m e t h y la t e d  
n u c l e o t i d e s  i n  rRNA's h a s  n o t  b een  c l a r i f i e d .  I t  has been s p e c u la te d  
th a t  m e t h y l a t i o n  o f  rRNA i s  i n v o l v e d  i n  r e c o g n i t i o n  o f  i n t e r a c t i n g  
r ib o so m a l p r o t e in s  (Choi and B usch, 1 9 7 8 ) .  U n d erm eth y la tio n  o f  45S p r e -  
rRNA i s  a s s o c i a t e d  w ith  a low e f f i c i e n c y  o f  p r o c e s s in g  and m a tu ra t io n  o f  
rRNA's (H a d j io lo v  and N ik o la e v ,  1 9 7 6 ) .
F rom  p r i m a r y  s e q u e n c e  s t r u c t u r e s  and t h e  i d e n t i f i c a t i o n  o f
\
h o m o lo g ies  a c r o s s  p h y l o g e n e t i c  l i n e s ,  s e c o n d a r y  s t r u c t u r e s  h a v e  b een  
proposed  f o r  each  o f  th e  rRNA's from th e  v a r io u s  organism s i n v e s t i g a t e d ,  
a s  w e l l  a s  from e x p e r im e n ta l  d a ta  o b ta in e d  through e l e c t r o n  m icro sco p y ,  
c r o s s - l i n k i n g  s t u d i e s  and n u c l e a s e - s e n s i t i v i t y  s t u d i e s .  The f a c t  t h a t  
s e c o n d a r y  s t r u c t u r e  i s  more co n serv ed  than  th e  primary seq u en ce  between  
p r o k a r y o t ic  rRNA's and e u k a r y o t i c  rRNA's h i n t s  a t  t h e  im p o r t a n c e  o f  
m a i n t a i n i n g  t h e  p r o p e r  t h r e e -d im e n s io n a l  c o n f i g u r a t i o n  o f  th e  ribosome  
th rou gh out e v o l u t i o n  in  ord er  to  in s u r e  i t s  c o r r e c t  f u n c t i o n .  Secondary  
s t r u c t u r e  o f  th e  rRNA's have  b e e n  shown t o  p l a y  an im p o r t a n t  r o l e  in  
RNA-RNA i n t e r a c t i o n  ( S h i n e  and D a l g a r n o ,  1974; P r in c e  e t  a l . ,  1 9 8 2 ) ,  
R N A -p r o te in  i n t e r a c t i o n  ( Z w i e b  a n d  B r i m a c o m b e ,  1 9 7 9 ;  Wower and  
B rim a co m b e ,  1983) and ribosom e f u n c t io n  (Sigmund e t  a l . ,  1984; Zagorska  
e t  a l . ,  1 9 8 4 ) .  D e t a i l e d  secondary  s t r u c t u r e s  have been proposed f o r  the  
v a r io u s  12. c o l i  rRNA's (Malay and Brimacombe, 1 9 8 3 ) ,  as  w e l l  as f o r  th e
e u k a r y o t i c  18S rRNA (Atmadja and Brimacombe, 1984; Chan e t  a l . ,  1 9 8 4 ) ,  
26S rRNA (Veldmann e t  a l . ,  1981; Hassouna e t  a l . ,  1984) and th e  5S rRNA 
and 5 .8 S  rRNA from many s p e c i e s .  E u k a ry o t ic  5 .8 S  rRNA has been known to  
be e q u i v a l e n t  t o  t h e  5 '  t e r m i n a l  r e g i o n  o f  t h e  p r o k a r y o t i c  23S rRNA 
(J a c q ,  1 9 8 1 )  and t h e  i n t e r a c t i o n  o f  t h e  5 . 8 S  rRNA w i t h  26S rRNA by 
hydrogen bonding in  second ary  s t r u c t u r e  has been documented (G eo rg iev  e t  
a l . ,  1 9 8 1 ;  C han, 1 9 8 3 ) .  F o r  t h e  u l t i m a t e  e l u c i d a t i o n  o f  r ib o s o m e  
f u n c t io n  th e  d e t e r m i n a t i o n  o f  t e r t i a r y  s t r u c t u r e  w i l l  be e s s e n t i a l .  
Thus f a r ,  5S RNA from  Thermus th erm o p h ilu s  i s  th e  o n ly  i n t a c t  m o lec u le  
th a t  has been c r y s t a l l i z e d  (M orikaw a e t  a l . ,  1 9 8 2 ) .  More r e c e n t l y  a 
fragm ent o f  ]S. c o l l  5S RNA and a complex o f  t h i s  fragment w ith  r ib osom al  
p r o t e i n  L25 h a s  b e e n  c r y s t a l l i z e d  (Abdel-Mequid e t  a l . ,  1 9 8 3 ) .  Up to  
now, m o s t ly  ch em ica l  m o d i f i c a t i o n  and c r o s s - l i n k i n g  m e th o d s  h a v e  b een  
em p lo y e d  t o  o b t a i n  in f o r m a t io n  about t e r t i a r y  s t r u c t u r e  w ith  a v a ry in g  




I .  Fungal s t r a i n s
Mucor racemosus ATCC 1216B was th e  primary e x p e r i m e n t a l  o r g a n i s m .  
M edia  c o m p o s i t i o n s  and c u l t u r e  c o n d i t io n s  were th e  same as d e s c r ib e d  in  
t h e  M a t e r i a l s  and M e th o d s  s e c t i o n  o f  C h a p t e r  I .  S a c c h a r o m y c e s  
c e r e v i s i a e  p e t i t e  mutant DS302, c a r r y in g  th e  o x l l  l o c u s  (C oru zz i  e t  a l . ,  
1 9 8 1 ) ,  was o b t a i n e d  from  A l e x a n d e r  T z a g o l o f f  o f  Columbia U n i v e r s i t y .  
The l a t t e r  organism  was grown a t  30°C In a medium com posed  o f  2% ( w / v )  
g l u c o s e ,  1% (w /v )  y e a s t  e x t r a c t  and 1% (w /v )  p ep to n e .
I I .  B a c t e r i a l  s t r a i n s
The most f r e q u e n t ly  used  E^ . c o l i  s t r a i n s  were JM83, NM522 and K802.
T h e ir  g en o ty p es  a re :  i )  JM83: Ara, A ( la c -p r o A B ) ,  rspL(>=strA), ^ 8 0 ,  lacZ
AM15 ( r k + , mk+ ) ;  i i )  K 8 0 2 : F ,  l a c - 3  o r  l a c T ^ ,  g a lK 2 ,  g a lT 2 2 ,  m etB l,
hsdR 2, m c r B l ,  mcrA ; and i i i )  NM522: h s d A 5 ( l a c - p r o ) , A F ' l a c ,  ZM15, 
8*l a c l  . T h e s e  b a c t e r i a l  s t r a i n s  a r e  a v a i l a b l e  from th e  Department o f  
M ic r o b io lo g y  C u ltu re  C o l l e c t i o n ,  L o u is ia n a  S t a t e  U n i v e r s i t y .  A s t r a i n  
o f  12. c o l l  h a r b o r i n g  p la s m id  p Y l r I 6 ,  w h ic h  c a r r i e s  m ost  o f  t h e  DNA 
s p e c i f y i n g  th e  rRNA r e p e a t  u n i t  in  j>. c e r e v i s i a e  ( P e t e s  e t  a l . ,  1 9 7 8 ) ,  
was o b ta in e d  from T.D. P e t e s  o f  th e  U n i v e r s i t y  o f  C h icago .
III. Bacteriological Media
IS. c o l l  s t r a i n s  JM83 and K802 were grown on LB m edia . For s t r a i n  
NM522, LB media was used  f o r  growth in  l i q u i d  c u l t u r e  and m in im a l  a g a r  
p l a t e s  w e re  u s e d  t o  m a i n t a i n  t h e  s t o c k  c u l t u r e .  C om positions o f  a l l  
media used  in  t h i s  study a re  as f o l l o w s :
i )  LB: Ten g o f  B a c to - t r y p t o n e  ( D i f c o ) ,  5 g o f  Bacto  y e a s t  e x t r a c t
( D i f c o )  and 5 g o f  NaCl per l i t e r .  The f i n a l  pH was 7 . 5 .
i i )  M in im a l  m ed ia  a g a r  p l a t e s :  s i x  g o f  Bacto-A gar ( D i f c o )  were
a d ded  t o  310 ml o f  w a t e r  and a u t o c l a v e d .  E i g h t y  ml o f  a u t o c l a v e d  
S p i z i z e n ' s  s a l t s  (A n a g n o s to p o u lo s  and S p i z i z e n ,  1 9 6 1 ) ,  4 ml o f  s t e r i l e
g lu c o s e  and 0 .1  ml o f  v i ta m in  B1 ( f i l t e r - s t e r i l i z e d )  w e re  added t o  t h e
a u t o c l a v e d  a g a r  s o l u t i o n  and poured i n t o  s t e r i l e  p l a s t i c  P e t r i  p l a t e s .  
The components o f  th e  S p i z i z e n ' s  minimal s a l t s  were as f o l l o w s :  10 g o f
(NH^^SO^, 70 g o f  I^HPO^, 30 g o f  K^PO^, 5 g o f  sodium c i t r a t e  and 1 g 
o f  MgSO^^^O per l i t e r .
i i i )  SOB: Two p e r c e n t  ( w / v )  B a c t o  T r y p t o n e ,  0.5% ( w / v )  y e a s t  
e x t r a c t ,  10  mM N a C l ,  2 . 5  mM KC1, 10  mM MgCl2 , and 10 mM MgSO^,. 
Magnesium s a l t s  were a u to c la v e d  s e p a r a t e l y .  The f i n a l  pH was 7 . 0 .
i v )  S0C: S0C medium i s  SOB medium supplem ented w ith  20 mM g l u c o s e .
v )  MacConkey Agar: D ehydrated MacConkey Agar was p u r c h a s e d  from
D i f c o .  F i f t y  gram s o f  t h e  d r i e d  pow der was d i s s o l v e d  in  1 l i t e r  o f
w a ter  and a u t o c la v e d .  A m p i c l l l in ,  t e t r a c y c l i n e  and ch lo ra m p h en ico l  were  
added t o  th e  medium a t  f i n a l  c o n c e n t r a t io n s  o f  40 yug/ml, 10 fxg/ml  and 30 
/ug/ml r e s p e c t i v e l y  when n e c e s s a r y .
IV . V e c to rs
The p lasm id  v e c t o r s  used  i n  th e s e  s t u d i e s  were pUC19 and pACYC184. 
The p h a g e  v e c t o r s  u t i l i z e d  w e re  M13 mpl8 and M13 mpl9. These v e c t o r s  
a re  a v a i l a b l e  from th e  Department o f  M i c r o b i o l o g y  C u l t u r e  C o l l e c t i o n ,  
L o u is ia n a  S t a t e  U n i v e r s i t y .
V. Enzymes used  in  m o lec u la r  c lo n in g
R e s t r i c t i o n  e n d o n u c l e a s e s ,  T4 DNA l i g a s e ,  b a c t e r i a l  a l k a l i n e  
p h o s p h a ta s e ,  p r o t e in a s e  K, DNA p o ly m era se  1 and t h e  l a r g e  f r a g m e n t  o f  
DNA p o ly m e r a s e  I  (K le n o w )  w e re  p u r c h a s e d  from  BRL o r  Sigma and used  
a c c o r d in g  to  th e  s u p p l i e r ' s  recom m endations.
V I. Methods o f  DNA p r e p a r a t io n
a )  P u r i f i c a t i o n  o f  t o t a l  DNA from M. racemosus
The t o t a l  genome o f  M. r a c e m o s u s  was i s o l a t e d  u s i n g  a p r o c e d u r e  
d e v e l o p e d  by R .D .  L i t t l e  d u r in g  h i s  M.S. t h e s i s  r e s e a r c h  a t  L o u is ia n a  
S t a t e  U n i v e r s i t y  ( L i t t l e ,  1 9 8 3 ) .
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b) Enrichment o f  Mucor m ito c h o n d r ia l  and r ib o so m a l DNA
Hyphal c e l l s  were h a r v e s t e d  by f i l t r a t i o n  and b r o k e n  by a b r a s i o n  
w i t h  g l a s s  b e a d s  a s  d e s c r ib e d  in  Chapter I .  Unbroken c e l l ,  c e l l  w a l l s  
and g l a s s  fragm en ts  were removed by low speed  c e n t r i f u g a t i o n  a t  1000 xg  
f o r  10 min a t  4 °C .  P o o l e d  s u p e r n a t a n t  f r a c t i o n s  were c e n t r i f u g e d  a t
1 7 ,0 0 0  xg f o r  20 min a t  4°C . The p e l l e t  was r e s u s p e n d e d  i n  2 . 5  ml o f  
i c e - c o l d  TNE b u f f e r  c o n t a i n i n g  150 mM NaCl, 50 mM EDTA and 10 mM T r i s -  
HC1 (pH 7 . 4 )  t o  which 300 fig  o f  p r o t e in a s e  K was added. Sodium d od ecy l  
s u l f a t e  (SD S) was added s lo w ly  to  th e  m ix tu re  to  a f i n a l  c o n c e n t r a t io n  
o f  0.5% ( w / v ) .  A f t e r  in c u b a t io n  f o r  10 min on i c e  t h e  t e m p e r a t u r e  was  
i n c r e a s e d  t o  65°C and in c u b a t io n  was co n t in u e d  f o r  one a d d i t i o n a l  hour.  
The m ix tu re  was c e n t r i f u g e d  a t  6 , 0 0 0  x g  f o r  10 m in .  The p e l l e t  was 
d i s c a r d e d  a n d  C s C l  was ad ded  t o  t h e  s u p e r n a t a n t  f l u i d  t o  a f i n a l  
c o n c e n t r a t io n  o f  1 .6 5 0  g /m l .  B isb en z im id e  was added to  t h i s  s o l u t i o n  to  
a f i n a l  c o n c e n t r a t io n  o f  120 yug/ml. The s o l u t i o n  was p la c ed  on i c e  fo r  
3 0  m in  a n d  w a s  c e n t r i f u g e d  a t  1 2 , 0 0 0  x g  f o r  20 min a t  4 ° C .  The 
r e s u l t i n g  s u r f a c e  la y e r  o f  p r o t e i n  was removed. The rem a in in g  s o l u t i o n  
was c e n t r i f u g e d  a t  2 5 0 ,0 0 0  xg f o r  20 hours a t  20°C u s in g  a Ty75Ti r o t o r  
i n  a Beckman Model L8-70M u l t r a c e n t r i f u g e .  A f t e r  c e n t r i f u g a t i o n  t h e  
n u c le a r  DNA-enriched and r ib o s o m a l /m i to c h o n d r ia l  DNA-enriched bands were  
c o l l e c t e d  s e p a r a t e l y  by s i d e  p un cture  w ith  an 18 -gu age  s y r in g e  n e e d le .
The DNA f r a c t i o n s  w e r e  f u r t h e r  p u r i f i e d  by an a d d i t i o n a l  CsCl  
d e n s i t y  g r a d ie n t  c e n t r i f u g a t i o n  s t e p .  The c o n c e n t r a t e d  DNA f r a c t i o n s  
w e re  d i s p e r s e d  i n t o  TE b u f f e r  (10  mM EDTA and 50 mM T r is -H C l,  pH 7 . 5 ) ,  
a f t e r  which CsCl was added to  th e  s o l u t i o n  to  a f i n a l  c o n c e n t r a t i o n  o f
1 .6 5 0  g /m l .  C o n d it io n s  fo r  u l t r a c e n t r i f u g a t i o n  were th e  same as In the  
p r e v io u s  s t e p .  Bands c o n t a in in g  DNA w e re  c o l l e c t e d  a s  b e f o r e .  T h e s e  
D N A - c o n t a in in g  s o l u t i o n s  w e r e  e x t r a c t e d  s i x  t im e s  w i th  C sC l-sa tu r a te d  
i so p r o p a n o l  to  remove th e  b is b e n z im id e .  A f t e r  removal o f  th e  d y e ,  th r e e  
volumes o f  TE were added t o  th e  DN A -contain ing  s o l u t i o n s  t o  d i l u t e  t h e  
C sCl. DNA was p r e c i p i t a t e d  by th e  a d d i t io n  o f  0 .0 5  volumes o f  8 M L iC l  
and e i g h t  v o lu m e s  o f  a b s o l u t e  e t h a n o l  t o  t h i s  s o l u t i o n  f o l l o w e d  by 
s t o r a g e  a t  - 2 0 ° C  o v e r n i g h t .  P r e c i p i t a t e d  DNA was s e d i m e n t e d  by 
c e n t r i f u g a t i o n  a t  1 2 ,0 0 0  xg f o r  20 min a t  4°C. The DNA was washed once  
w i t h  75% e t h a n o l  a n d  d r i e d  u n d e r  v a c u u m .  F i n a l l y ,  t h e  DNA was  
resuspended  in  1 0 0 -2 0 0  f i l  o f  TE and i t s  c o n c e n t r a t io n  was determ ined  by 
m easuring  th e  absorbance  a t  260 nm.
c )  P lasm id  DNA
E_. c o l i  c e l l s  h a rb o r in g  th e  p lasm id  were i n o c u la t e d  i n t o  150 ml o f  
l i q u i d  medium co n ta in e d  i n  a  500-m l Erlenm eyer f l a s k  and i n c u b a t e d  w i t h  
s h a k i n g  o v e r n i g h t  a t  37°C . The c e l l s  were h a r v e s t e d  by c e n t r i f u g a t i o n  
a t  7 ,0 0 0  xg fo r  10 min. C e l l s  o b ta in e d  in  t h i s  manner were ly s e d  u s in g  
a s c a le d -u p  v e r s io n  o f  th e  rap id  p lasm id  i s o l a t i o n  te c h n iq u e  o f  Birnboim  
and D o ly  ( 1 9 7 9 ) .  The c e l l s  w e re  r e s u s p e n d e d  i n  5 ml o f  a s o l u t i o n  
c o n ta in in g  25 iriM T r is -H C l (pH 8 . 0 ) ,  5 mM g l u c o s e ,  10 mg o f  ly sozym e, and 
10 mM EDTA and were in c u b a te d  f o r  30 min on i c e .  Ten ml o f  a s o l u t i o n  
c o n ta in in g  0 .2  M NaOH and 1% SDS were added to  th e  s u s p e n s io n  which was 
mixed by i n v e r s io n  u n t i l  i t  became c l e a r  and s l i g h t l y  v i s c o u s .  T h is  was 
p la ced  on i c e  fo r  5 min a f t e r  w h ic h  7 . 5  ml o f  3 M so d iu m  a c e t a t e  (pH 
5 . 0 )  were added to  i t  and in c u b a t io n  co n tin u ed  fo r  an a d d i t i o n a l  60 min.
C e l l u l a r  d e b r i s  and th e  bu lk  o f  chromosomal DNA were sed im ented  by 
c e n t r i f u g a t i o n  a t  1 2 ,0 0 0  xg f o r  10 m in . The s u p e r n a t a n t  f r a c t i o n  was  
t r a n s f e r r e d  t o  a n o t h e r  tu b e  t o  w h ic h  15 ml o f  c o l d  i s o p r o p a n o l  were 
a d d e d .  A f t e r  m i x i n g ,  t h e  tu b e  was k e p t  a t  - 7 0 ° C  f o r  1 h o u r .  The 
p r e c i p i t a t e  was c e n t r i f u g e d  a t  1 2 , 0 0 0  x g  f o r  10 m in a t  4°C and the  
su p e rn a ta n t  l a y e r  was d i s c a r d e d .  The p e l l e t  was d i s s o l v e d  i n  5 ml o f  a 
b u f f e r  c o n t a i n i n g  0 . 1  M so d iu m  a c e t a t e  and 0 .0 5  M T ris -H C l (pH 8 . 0 ) .  
Three v o lu m e s  o f  c o l d  e t h a n o l  w ere  added  t o  t h e  s o l u t i o n  w h ic h  was 
s t o r e d  a t  - 7 0 ° C  f o r  10  m i n .  T h e  p r e c i p i t a t e  was s e d im e n t e d  by 
c e n t r i f u g a t i o n  a g a in ,  washed w ith  75% e t h a n o l  and d r i e d  u n d e r  vacuum.  
The p e l l e t  was d i s s o l v e d  i n  3 . 5  ml o f  TE b u f f e r .  The volume o f  th e  
s o l u t i o n  was a d j u s t e d  t o  4 . 0  ml and 4 . 1  g o f  C sC l w e re  added  t o  i t .  
F o l l o w i n g  d i s s o l u t i o n  o f  th e  CsCl, 3 mg o f  e th id iu m  bromide were added 
t o  th e  s o l u t i o n .  T h is  p r e p a r a t io n  was c e n t r i f u g e d  a t  1 2 , 0 0 0  x g  f o r  10 
m in a t  4°C and t h e  r e s u l t i n g  s u p e r n a t a n t  l a y e r  was d i s t r i b u t e d  in t o  
tu b es  f o r  th e  VT165 r o t o r .  C e n t r i f u g a t io n  a t  2 7 0 ,0 0 0  xg f o r  12 hours a t  
20°C in  a Beckman Model L8-70M u l t r a c e n t r i f u g e  c o n c e n tr a te d  th e  DNA in  a 
t i g h t  band which  was v i s u a l i z e d  w i t h  l o n g - w a v e  (3 6 5 - n m )  u l t r a v i o l e t  
l i g h t  and w i th d r a w n  by s i d e  p u n c t u r e  o f  t h e  t u b e s  w i t h  a 2 1 - g a u g e  
s y r in g e  n e e d l e .  E th id iu m  bromide was rem oved  from  t h e  D N A -c o n t a in in g  
f r a c t i o n  by s i x  e x t r a c t i o n s  w i t h  w a t e r - s a t u r a t e d  b u t a n o l .  A f t e r  
d i l u t i n g  th e  s o l u t i o n  w ith  two volumes o f  w a te r ,  DNA was p r e c i p i t a t e d  by 
th e  a d d i t io n  o f  s i x  volum es o f  a b s o l u t e  e t h a n o l  and s t o r a g e  a t  -2 0 ° C  
o v e r n ig h t .  The DNA was sed im en ted  by c e n t r i f u g a t i o n  a t  1 2 ,0 0 0  xg f o r  10 
min a t  4°C, washed w ith  75% e t h a n o l ,  d r ie d  under vacuum and resuspended  
in  TE b u f f e r .
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d) S m a l l - s c a l e  p lasm id  I s o l a t i o n
Sm all q u a n t i t i e s  o f  p lasm id  DNA were prepared  f o r  r a p i d  s c r e e n i n g  
by t h e  m ethod  o f  B ir n b o im  and D o ly  ( 1 9 7 9 )  w i t h  some m o d i f i c a t i o n s .  
C e l l s  c o n t a i n i n g  p l a s m i d s  w e re  grow n o v e r n i g h t  i n  1 . 5  ml o f  t h e  
a p p r o p r i a t e  medium. T h is  was t r a n s f e r r e d  to  a m ic r o c e n tr i f u g e  tube and 
c e n t r i f u g e d  fo r  30 s e c  to  sed im en t th e  c e l l s .  The su p ern a ta n t  f l u i d  was 
rem oved  and t h e  c e l l s  w e r e  r e s u s p e n d e d  i n  1 1 0  u l  o f  a s o l u t i o n  
c o n t a i n i n g  25 mM T r is - H C l  (pH 8 . 0 ) ,  5 mM g l u c o s e ,  10 mM EDTA, and 0 .2 2  
mg o f  ly so zy m e .  The su s p e n s io n  was in cu b a ted  f o r  30 min on i c e  fo l lo w e d  
by th e  a d d i t io n  o f  220 /ul o f  a s o l u t i o n  c o n t a i n i n g  0 . 2  M NaOH and 1% 
SDS. The s u s p e n s i o n  was m ix ed  by i n v e r s i o n  u n t i l  a c l e a r  l y s a t e  was 
a c h ie v e d .  The l y s a t e  was k ep t  on i c e  fo r  5 min b e f o r e  t h e  a d d i t i o n  o f  
165 /u l  o f  3 M s o d iu m  a c e t a t e  (pH 5 . 0 ) .  The ly sa t .e  was k ep t  on i c e  fo r  
an a d d i t i o n a l  60 min d ur in g  which tim e a c l o t  o f  DNA and c e l l u l a r  d e b r is  
form ed. The d e b r i s  was s e d im e n t e d  by c e n t r i f u g a t i o n  f o r  5 m in .  The 
s u p e r n a t a n t  l a y e r  ( 4 0 0  / u l )  was t r a n s f e r r e d  to  an o th er  m ic r o c e n tr i f u g e  
tube c o n t a in in g  1 ml o f  e t h a n o l .  The p lasm id  DNA was p r e c i p i t a t e d  a f t e r  
30 min a t  -7 0 °C .  The DNA was sed im en te d  by c e n t r i f u g a t i o n  f o r  10 min  
and t h e  s u p e r n a t a n t  l a y e r  was d is c a r d e d .  The DNA was d i s s o l v e d  in  100  
u l  o f  a b u f f e r  c o n t a i n i n g  0 . 0 5  M T r i s - H C l  (pH 8 . 0 )  and 0 . 1  M so d iu m  
a c e t a t e  and th en  r e p r e c i p i t a t e d  w ith  two volum es o f  e t h a n o l  a t  -70°C  fo r  
10 m in . A f t e r  sed im en t in g  by c e n t r i f u g a t i o n ,  th e  DNA was d i s s o l v e d  and 
r e p r e c i p i t a t e d  a t h i r d  t i m e .  The DNA p e l l e t  w a s  w a s h e d  w i t h  75% 
e t h a n o l ,  d r ied  under vacuum, and resuspended  in  40 /u l o f  TE b u f f e r .
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e )  P u r i f i c a t i o n  o f  M13 r e p l i c a t i v e  form (RF) DNA
To p r e p a r e  a phage l y s a t e ,  h o s t  c e l l s  (NM522) were grown o v e r n ig h t  
in  LB b roth  and d i l u t e d  1 :1 0 0  i n  f r e s h  LB b r o th .  Ten p la q u es  o f  e i t h e r  
M13 mpl8 or M13 mpl9 were p lu gged  w ith  s t e r i l e  P a s te u r  p i p e t t e s  and used  
to  i n f e c t  a 20-m l s u s p e n s io n  o f  f r e s h l y  d i l u t e d  h o s t  c e l l s  a t  37°C fo r  5 
h o u r s  w i t h  s h a k i n g  ( 2 0 0  r p m ) . T he  c e l l s  w e r e  s e d i m e n t e d  by  
c e n t r i f u g a t i o n  a t  1 2 , 0 0 0  x g  f o r  10 m i n .  T h e  s u p e r n a n t a n t  l a y e r  
c o n t a i n i n g  p h a g e  p a r t i c l e s  was s t o r e d  a t  4°C and t i t e r e d .  A 25-ml  
inoculum  from a f r e s h  o v e r n ig h t  c u l t u r e  o f  h o s t  c e l l s  was d i l u t e d  i n t o  
500 ml o f  LB b r o th .  T h is  c u l t u r e  was in cu b a ted  a t  37°C u n t i l  a t t a i n i n g  
an absorbance  o f  0 . 3  a t  650  nm. The c u l t u r e  was th e n  i n f e c t e d  w i t h  
p h a g e  s t o c k  a t  a m u l t i p l i c i t y  o f  i n f e c t i o n  o f  10 and in c u b a te d  f o r  an 
a d d i t i o n a l  f i v e  h o u r s .  The c e l l s  were h a r v e s t e d  by c e n t r i f u g a t i o n  a t
1 0 , 0 0 0  xg  f o r  10 min a t  4°C u s in g  a S o r v a l l  GSA r o t o r .  C e l l s  o b ta in e d  
in  t h i s  manner were ly s e d  u s in g  a s c a le d -u p  v e r s io n  o f  th e  rap id  p lasm id  
i s o l a t i o n  te c h n iq u e  o f  B irnboim  and D o ly  ( 1 9 7 9 )  d e s c r i b e d  p r e v i o u s l y .  
R e p l i c a t i v e  form (RF) DNA was p u r i f i e d  by C sC l/e th id iu m  bromide d e n s i t y  
g r a d ie n t  c e n t r i f u g a t i o n  as d e s c r ib e d  p r e v i o u s l y .
f )  P r e p a r a t io n  o f  M13 s i n g l e - s t r a n d e d  te m p la te  DNA
An o v e r n ig h t  c u l t u r e  o f  NM522 was d i l u t e d  1 :4 0  i n t o  f r e s h  LB broth  
and grow n a t  37°C  w i t h  s h a k i n g  t o  an a b s o r b a n c e  o f  0 . 3  a t  650  nm. 
A l iq u o t s  ( 1 . 2  m l) were t r a n s f e r r e d  i n t o  c u l t u r e  t u b e s  and i n o c u l a t e d  
w i t h  p h a g e  t r a n s f e r r e d  from s i n g l e  p laq u es  by t o o t h p i c k s .  The c u l t u r e s  
were in c u b a te d  w ith  sh a k in g  ( 2 0 0  rpm) a t  37°C f o r  4 . 5  h o u r s  and th e n
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t r a n s f e r r e d  t o  m ic r o c e n tr i f u g e  tu b e s .  The tu b es  were c e n t r i fu g e d  f o r  5 
min and th e  su p ern a ta n t  f r a c t i o n s  w e re  t r a n s f e r r e d  t o  a n o t h e r  s e t  o f  
m ic r o c e n tr i f u g e  tu b e s .  N e x t ,  300 p i  o f  a s o l u t i o n  c o n ta in in g  20% (w /v )  
p o ly e t h y le n e  g l y c o l  6000 and 2 .5  M NaCl was added to  each  tube which was 
a g i t a t e d  and i n c u b a t e d  a t  room t e m p e r a t u r e  f o r  30  m in .  P h age  w ere  
sed im ented  by c e n t r i f u g a t i o n  fo r  10 min and th e  su p ern a ta n t  f r a c t i o n  was 
d i s c a r d e d .  The p e l l e t  was r e s u s p e n d e d  i n  1 00  p i  o f  TE b u f f e r .  The 
phage were uncoated  by e x t r a c t i o n  o f  th e  s u s p e n s io n  w ith  an eq u a l volume 
o f  w a te r - s a t u r a te d  p henol over  a 15-m in p e r io d .  A f t e r  c e n t r i f u g a t i o n ,  
t h e  a q u e o u s  l a y e r  was t r a n s f e r r e d  t o  a n o th er  tube to  which 3 M sodium  
a c e t a t e  was added u n t i l  a f i n a l  c o n c e n t r a t i o n  o f  0 . 3  M was a t t a i n e d .  
DNA was p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  2 . 5  v o lu m e s  o f  e t h a n o l  and 
in c u b a t io n  a t  -20°C  o v e r n ig h t .  The t e m p l a t e s  w e re  th e n  s e d i m e n t e d  by 
c e n t r i f u g a t i o n  f o r  10 m in ,  w a sh ed  o n c e  w i t h  75% e t h a n o l ,  d r ie d  under  
vacuum and resuspended  in  30 p i  o f  TE b u f f e r .
g )  E le c t r o p h o r e s i s  t e c h n iq u e s
H o r i z o n t a l  g e l s  o f  0.7% a g a r o s e  w e r e  p r e p a r e d  i n  TBE b u f f e r  
c o n t a i n i n g  89 mM T r i s - b o r a t e  (pH 8 . 0 )  and 2 mM EDTA. T r a c k i n g  dye  
s o l u t i o n  (10X) c o n ta in ed  50% ( v / v )  g l y c e r o l ,  0.1% bromphenol b l u e ,  0.2%  
SDS and 0 . 1  mM EDTA. A f t e r  e l e c t r o p h o r e s i s ,  g e l s  w ere s t a in e d  in  a 
s o l u t i o n  o f  e th id iu m  bromide ( 0 . 5  p g /m l )  f o r  a p p ro x im a te ly  30 min. DNA 
w a s  made v i s i b l e  a t  3 0 2  nm on  an u l t r a v i o l e t  t r a n s i l l u m i n a t o r .  
M o lecu la r  s i z e  markers in c lu d e d  b a c te r io p h a g e  Lambda DNA d i g e s t e d  w i t h  
EcoRI a n d /o r  H i n d l l l  r e s t r i c t i o n  e n d o n u c l e a s e s  and p lasm id  pUC19 DNA 
d ig e s t e d  w i th  SauIIIA r e s t r i c t i o n  e n d o n u c le a s e .
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For DNA se q u e n c in g ,  6% p o ly a c r y la m id e  g e l s  w i t h  b u f f e r  g r a d i e n t s  
( 0 . 5 - 2 . 5 X  TBE) c o n t a i n i n g  8 . 3  M u r e a  w ere  u s e d  t o  f r a c t i o n a t e  ^ S -  
l a b e l l e d  DNA t r a n s c r i p t s .  P r io r  t o  e l e c t r o p h o r e s i s  o f  t h e  s a m p l e s ,  40  
w a tt s  o f  c u rr en t  were p a ssed  through th e  g e l  f o r  30 t o  40 min. Samples 
mixed w ith  a dye s o l u t i o n  c o n ta in in g  0.1% bromphenol b l u e ,  0.1% x y l e n e  
c y a n o l ,  and 20 mM EDTA i n  d e i o n i z e d  formamide were loaded  on th e  g e l .  
E l e c t r o p h o r e s i s  was c a r r ie d  out a t  400 w a t t s  f o r  two hours or 4 .5  h o u rs .
TBE (IX ) was used  as  th e  e l e c t r o p h o r e s i s  b u f f e r  i n  b o th  t h e  u p p e r  and 
low er r e s e r v o i r s .  G els  w ere f i x e d  in  a s o l u t i o n  c o n t a in in g  10% m ethanol  
and 10% g l a c i a l  a c e t i c  a c i d  i n  w a t e r  f o r  15 min b e f o r e  t r a n s f e r  to  
Whatman 3 MM paper and d ry in g  under vacuum a t  80°C on a B io -R a d  M odel  
1125B  s l a b  g e l  d r y e r .  D ried  g e l s  were exposed  d i r e c t l y  to  Cronex-4 X- 
ray f i l m  (Dupont) fo r  a u to ra d io g ra p h y .
h )  E x t r a c t io n  o f  DNA from g e l s
DNA bands o f  i n t e r e s t  were e x c i s e d  from a g a ro se  g e l s  w ith  a s t e r i l e
r a z o rb la d e  and cu t  i n t o  p i e c e s  a p p ro x im a te ly  2 m m x 2 m m x 2 m m i n  s i z e .
DNA was e l u t e d  from th e  fragm ented  g e l s  w ith  a CBS S c i e n t i f i c  Model ECU-
40 e l e c t r o e l u t e r  a t  100 v o l t s  f o r  th r e e  hours in  0 .5 X  TBE b u f f e r .  The
e l u t e d  DNA was p assed  through DEAE-Sephacel as d e s c r ib e d  by M a n ia t is  e t  
a l .  ( 1 9 8 2 ) .  R e s t r i c t i o n  fragm ents  o f  M13 m pl8, M13 mpl9 and Mucor 26S-  
rRNA g e n e  DNA w e r e  s e p a r a t e d  on Sea  P la q u e  (FMC B i o p r o d u c t s )  low  
g e l l i n g / m e l t i n g  tem perature a g a ro se  g e l  in  50 mM T r i s - a c e t a t e  b u f f e r  (pH 
8 . 2 ) .  The d e s i r e d  DNA s e g m e n t s  w e re  e x c i s e d  a n d ,  a f t e r  m e l t i n g  th e  
a g a r o s e ,  w e re  u s e d  d i r e c t l y  fo r  l i g a t i o n  w ith o u t  fu r t h e r  e x t r a c t i o n  of  
th e  DNA from th e  g e l .  T h is  f a c i l i t a t e d  t h e  r a p id  r e c o v e r y  o f  a l a r g e
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number o f  recom binants  d u r in g  th e  n u c le o t i d e  seq u en c in g  p ro ced u re .
i )  N u c le ic  a c id  h y b r id i z a t io n  te c h n iq u e s
DNA was t r a n s f e r r e d  from g e l s  to  n i t r o c e l l u l o s e  membrane (B io  Rad 
T r a n sb lo t  T ra n s fer  Membrane) by th e  method o f  Southern  (1 9 7 5 ) .  For dot  
b l o t s ,  d o u b le -s tr a n d e d  DNA was denatured  a t  95°C f o r  10 min and s p o t te d  
on n i t r o c e l l u l o s e  s h e e t s .  The s h e e t s  w e r e  a i r  d r i e d  and baked  u n d er  
vacuum f o r  tw o h o u r s  a t  8 0 ° C .  F or  ijn s i t u  c o l o n y  h y b r id i z a t io n  th e  
procedu re  o f  G r u n s t e i n  and H o g n e s s  ( 1 9 7 5 )  was u s e d .  N i t r o c e l l u l o s e  
f i l t e r s  ( M i l l i p o r e ,  t y p e  HAWP, 100-mm d ia m e te r )  .were p la c e d  on to  agar  
p l a t e s  c o n t a in in g  an a p p r o p r ia t e  a n t i b i o t i c .  U s in g  s t e r i l e  t o o t h p i c k s ,  
100  i n d i v i d u a l  b a c t e r i a l  c o l o n i e s  to  be s cr een ed  were in o c u la t e d  in  a 
g r id  p a t t e r n  on s i n g l e  p l a t e s .  The p l a t e s  were in cu b a ted  a t  37°C u n t i l  
t h e  b a c t e r i a l  c o l o n i e s  grew to  1 .0  mm in  d ia m e te r .  The n i t r o c e l l u l o s e  
f i l t e r s  were th en  p e e le d  o f f  th e  p l a t e s  and p la c e d ,  co lon y  s i d e  up, on to  
10% SDS-im pregnated Whatman 3 MM paper f o r  3 m in .  The n i t r o c e l l u l o s e  
f i l t e r s  were t r a n s f e r r e d  o n to  a second s h e e t  o f  Whatman 3 MM paper th a t  
had been s a t u r a te d  w ith  d e n a tu r in g  s o l u t i o n  ( 0 . 5  M NaOH and 1 .5  M NaCl) 
f o r  5 m in .  The f i l t e r s  w e r e  t r a n s f e r r e d  on to  a th ir d  s h e e t  o f  paper
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th a t  had been s a tu r a te d  w i t h  n e u t r a l i z i n g  s o l u t i o n  ( 1 . 5  M NaCl and 0 .5  M 
T r i s - H C l ,  pH 8 . 0 )  f o r  5 m in .  The f i l t e r s  w e re  th e n  p l a c e d  on dry  
Whatman 3 MM paper and a l lo w e d  to  dry a t  room tem p eratu re  f o r  one hour.  
The d r ie d  f i l t e r s  were f i n a l l y  baked under vacuum f o r  two hours a t  80°C.
Recombinant M13 d e r i v a t i v e s  were denatured  and th e  DNA was a d h e r e d  
to  n i t r o c e l l u l o s e  membranes in  th e  f o l l o w i n g  manner. Samples (1 u l )  o f
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M13 l y s a t e s  t o  be s c r e e n e d  were s p o t t e d  on n i t r o c e l l u l o s e  membranes and  
a l l o w e d  t o  a i r - d r y .  The membranes w ere  t r e a t e d  w i t h  e a c h  o f  t h e  
f o l l o w i n g  s o l u t i o n s  in  turn  f o r  f i v e - m in u t e  i n t e r v a l s :  i )  0 . 5  M NaOH,
i i )  1 M NaOH and 1 M NaCl, i i i )  1 .5  M NaCl and 0 .5  M T r is -H C l,  pH 8 . 0 ,  
and i v )  2X SSC ( 1 7 5 .3  g o f  NaCl and 8 8 .2  g o f  sodium c i t r a t e  per l i t e r ,  
pH 7 . 0 ) .  The membranes w e r e  t h e n  a i r - d r i e d  and f i n a l l y  baked under  
vacuum f o r  two hours a t  80°C.
R a d io a c t iv e  p robes were prepared  by n ic k  t r a n s l a t i o n  a c c o r d i n g  t o
32Rigby e t  a l .  ( 1 9 7 7 ) .  e*  - [  P ]D e o x y a d e n o s in e - 5 ' - t r ip h o s p h a t e  (dATP) was 
p u r c h a s e d  from  New E n g la n d  N u c le a r  Corp. DNA-DNA h y b r id i z a t io n s  were  
performed as d e s c r ib e d  by M a n ia t i s  e t  a l .  (1 9 8 2 )  e x c e p t  th a t  c a l f  thymus 
DNA (25  yug/ml, f i n a l  c o n c e n t r a t i o n )  was used  in s t e a d  o f  salmon sperm DNA 
to  s a t u r a t e  n o n - s p e c i f i c  b in d in g  s i t e s  on n i t r o c e l l u l o s e  membrane.
j )  T ra n sfo rm a tio n  o f  IE. c o l i
C o m p eten t  c e l l s  o f  t h e  a p p r o p r i a t e  h o s t  w e r e  p r e p a r e d  and  
t r a n s f o r m e d  w i t h  e i t h e r  p la s m id  v e c t o r  or b a c te r io p h a g e  M13 RF DNA by 
th e  method o f  Hanahan ( 1 9 8 3 ) .
k )  P r e p a r a t io n  o f  u n i v e r s a l  sep tedecam er M13 se q u e n c in g  primer
An o 1 i g o d e o x y r i b o n u c 1 e o t i d e  w i t h  t h e  b a s e  s e q u e n c e  
GTTTTCCCAGTCACGAC was s y n t h e s i z e d  on an A p p lied  B lo sy s tem s  Model 380A 
DNA s y n t h e s i z e r .  A f t e r  c o m p l e t i o n  o f  t h e  s y n t h e t i c  c y c l e s ,  t h e  
o l i g o n u c l e o t i d e  s o l u t i o n  from th e  s y n t h e s i z e r  was in c u b a te d  w ith  1 ml o f
c o n c e n t r a t e d  NH^OH f o r  4 - t o - 1 2  hours a t  55°C to  c o m p le te ly  remove th e  
b lo c k i n g  g r o u p s .  The s o l u t i o n  was th e n  e v a p o r a t e d  t o  d r y n e s s  i n  a 
r o t a r y  e v a p o r a t o r .  The d ry  r e s i d u e  was d i s s o l v e d  i n  1 ml o f  25 mM 
triethylam monium b ic a r b o n a te  (TEAB), pH 7 . 6 ,  and a g a in  e v a p o r a te d .  T h is  
s t e p  was r e p e a ted  t w i c e .  The r e s id u e  was d i s s o l v e d  in  3 ml o f  TEAB, and 
th e  o l i g o n u c l e o t i d e  fragm en ts  were i s o l a t e d  by u s in g  a Sep-pak c a r t r id g e  
(Lo e t  a l . ,  1 9 8 4 ) ,  w h ic h  s e r v e s  t o  rem ove p r e m a t u r e l y  t e r m i n a t e d  
seq u en ces  from th e  com plete  o l i g o n u c l e o t i d e  c h a in s .  The o l i g o n u c l e o t i d e  
f r a c t i o n  e l u t e d  from  t h e  c a r t r i d g e  was d r i e d ,  and t h e  5 '  p r o t e c t i n g  
groups were removed by d i s s o l v i n g  th e  n u c l e o t i d e s  in  1 ml o f  80% a c e t i c  
a c id  and in c u b a t in g  th e  s o l u t i o n  a t  room tem perature  f o r  25 min. A f t e r  
e v a p o r a t io n ,  th e  sample was d i s s o l v e d  i n  w a t e r  and o n c e  a g a i n  d r i e d .  
The f u l l y  d e p r o t e c t e d  p roduct was fu r t h e r  p u r i f i e d  by f r a c t i o n a t i n g  i t  
on a 20% p o ly a c ry la m id e  g e l  under d en a tu r in g  c o n d i t i o n s .  The c o n d i t io n s  
f o r  e l e c t r o p h o r e s i s  and f o r  o l i g o n u c l e o t i d e  i s o l a t i o n  from t h e  g e l  h a v e  
been d e s c r ib e d  (Lo e t  a l . ,  1 9 8 4 ) .
V I I .  DNA seq u en c in g  m ethodology
F r a g m e n ts  o f  t h e  26S-rRNA gene g e n e r a te d  by r e s t r i c t i o n  d i g e s t i o n  
or s o n i c a t i o n  (D e in g e r ,  19 8 3 ) were c lo n ed  i n t o  RF DNA o r  b a c t e r i o p h a g e  
M13 v e c t o r s  mpl8 or m pl9 . T ran form ation  o f  E. c o l i  NM522 was performed  
a s  d e s c r i b e d  (H a n a h a n ,  1 9 8 3 ) .  R e c o m b in a n t  p h a g e  w e re  s c r e e n e d  by 
n u c l e i c  a c i d  h y b r i d i z a t i o n  w i t h  n i c k - t r a n s l a t e d  26S-rRNA gene p ro b es .  
T em plates  were prepared from p o s i t i v e  c lo n e s  as d e s c r ib e d  e a r l i e r .  DNA 
s e q u e n c i n g  was th e n  c a r r i e d  o u t  by th e  methods o f  Sanger (1 9 7 7 )  u s in g  
d ld e o x y n u c le o t id e  t r ip h o s p h a t e s  (Pharm acia , I n c . ) ,  d e o x y r i b o n u c l e o t i d e
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35t r ip h o s p h a te s  (B o eh r in g er  Mannheim), Klenow fragment (BRL), c?C-[ S]dATP 
(New E n g la n d  N u c l e a r )  and u n i v e r s a l  sep tedecam er M13 p rim er .  A b o r t iv e  
p o l y m e r i z a t i o n  p r o d u c t s  w e r e  a n a l y z e d  on p o l y a c r y l a m i d e  g e l s  a s  
d e s c r i b e d  e a r l i e r  ( S a n g e r ,  1 9 7 7 ) .  Random DNA seq u en ces  g en er a ted  by 
s o n l c a t i o n  were ordered  u s in g  th e  computer program o f  S taden  (1 9 8 0 ) .
V I I I . A utoradiography
A utorad iography  was perform ed by d i r e c t l y  e x p o s i n g  d r i e d  g e l s  or  
membranes c a r r y in g  r a d i o - l a b e l l e d  n u c l e i c  a c id s  t o  Kodak X-Omat AR b lu e -  
s e n s i t i v e  X -r a y  f i l m  w i t h  C ro n ex  X tr a  L i f e  H i g h - P l u s  i n t e n s i f y i n g  
s c r e e n s  a t  - 7 0 ° C  f o r  a s u i t a b l e  p e r i o d  o f  t i m e .  X -r a y  f i l m s  w ere  
d e v e l o p e d  u s i n g  Kodak GBX X -r a y  f i l m  d e v e lo p e r  under t o t a l  d a rk n e ss .  
D eveloped  f i l m s  were t r e a t e d  w ith  Kodak Rapid f i x e r ,  washed w i t h  w a t e r ,  
r in s e d  once i n  Kodak P h o t o - f l o  s o l u t i o n  and d r ied  in  a i r .
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RESULTS
I .  I s o l a t i o n  and g e l  e l e c t r o p h o r e s i s  o f  DNA
The r ib o so m a l  and m ito c h o n d r ia l  DNA (r&mtDNA) o f  M. ra c em o su s  w ere  
i s o l a t e d  t o g e t h e r  a s  a s i n g l e  band on c e s iu m  c h l o r i d e / b i s b e n z i m i d e  
d e n s i t y  g r a d i e n t s .  DNA from  t h i s  fu n g u s  a lw a y s  s e p a r a t e d  i n t o  two  
d i s t i n c t  b a n d s  d u r i n g  i s o p y c n i c  c e n t r i f u g a t i o n .  The l o w e r  band  
co n ta in e d  n u c le a r  DNA (nDNA). When d ig e s t e d  w i th  r e s t r i c t i o n  enzymes i t  
produced a n e a r ly  c o n t i n u o u s  s e r i e s  o f  band s ( d a t a  n o t  s h o w n ) .  The 
upper band, which came t o  r e s t  about 2 mm above th e  nDNA band, co n ta in ed  
r&mtDNA.
I n  c o n t r a s t ,  when c e s iu m  c h l o r i d e / b i s b e n z i m i d e  g r a d i e n t s  w ere  
employed to  p u r i f y  DNA from S^ . c e r e v i s i a e  (H u d s p e th  e t  a l . ,  1 9 8 0 )  and  
C o c h l l o b o l u s  h e t e r o s t r o p h u s  (G a r b e r  and Y oder , 1 9 8 3 ) ,  nDNA, rDNA and 
mtDNA w e r e  r e s o l v e d  i n t o  t h r e e  d i s c r e t e  b a n d s .  I t  i s  k n ow n  t h a t  
b i 8 b e n z i m i d e  b in d s  p r e f e r e n t i a l l y  to  A+T-rich  seq u en ces  o f  DNA (M uller  
and G a u t ie r ,  1975) making t h i s  DNA more buoyant in  th e  g r a d ie n t .  I t  i s  
e v id e n t  th a t  th e  A+T c o n te n t  o f  rDNA and mtDNA a re  v e r y  c l o s e  in  Mucor. 
A ls o  th e  d i f f e r e n c e  i n  A+T c o n te n t  between nDNA and rDNA ( o r  mtDNA) i s  
much s m a l le r  in  Mucor than  i n  Saccharomyces or C o c h l io b o lu s  based on th e  
f a c t  t h a t  t h e  s e p a r a t i o n  o f  a l l  DNA s p e c i e s  o n  c e s i u m  
c h lo r id e /b i s b e n z im id e  g r a d ie n t s  was much l e s s  in  Mucor than  in  th e  o th er  
f u n g i .  In  Saccharom yces th e  A+T c o n te n t  o f  nDNA I s  59% (Tew ari e t  a l . ,  
1 9 6 5 )  and t h a t  o f  mtDNA i s  82% (Dujon, 1 9 8 1 ) .  V i l l a  and S to rck  (1 9 6 8 )  
r e p o r te d  th a t  th e  A+T c o n te n t  o f  M. r o u x i i  mtDNA and nDNA i s  v ery  c l o s e .
M. racemosus r&mtDNA d i s p l a y e d  a l i m i t e d  number o f  d i s t i n c t i v e  band s  
w h en  c l e a v e d  by v a r i o u s  s i x  b a s e - p a i r  r e c o g n i z i n g  r e s t r i c t i o n  
e n d o n u c le a s e s .  T hese can be s e p a r a t e d  by e l e c t r o p h o r e s i s  on a g a r o s e  
g e l s  a s  d e p i c t e d  i n  F i g .  1 .  The rDNA band s w e re  i d e n t i f i e d  in  t h i s  
s t u d y  by u s i n g  c l o n e d  S a c c h a r o m y c e s  a n d  M u co r  rRNA g e n e  p r o b e s .  
I d e n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  Mucor mtDNA i s  p r e s e n t ly  b e in g  
p u r s u e d  by Mary Schram ke i n  ou r  l a b o r a t o r y .  F i g u r e  2 s h o w s  t h e  
d i g e s t i o n  p r o d u c t s  o f  t o t a l  M. r a c e m o s u s  DNA by r e s t r i c t i o n  
en d o n u c le a s e s  on an a g a r o se  g e l .  Some r e p e t i t i v e  s e q u e n c e s ,  s u c h  a s  
mtDNA, rDNA and MuR ( t h e  l a t t e r  d e s c r ib e d  by Dewar e t  a l . ,  1 9 8 5 ) ,  are  
v i s i b l e  as f a i n t  bands a g a i n s t  th e  b ack grou n d  sm ear c h a r a c t e r i s t i c  o f  
nDNA.
I I .  I d e n t i f i c a t i o n  o f  M. racemosus rDNA fragm ents
N i c k - t r a n s l a t e d  p l a s m i d  p Y l r l 6 ,  c a r r y i n g  t h r e e  a d j a c e n t  JS. 
c e r e v i s i a e  rRNA g en es  which  can be d ig e s t e d  i n t o  t h r e e  EcoRI f r a g m e n t s  
( F i g .  3 ) ,  s e r v e d  a s  a p r o b e  f o r  a n a l y s i s  o f  th e  M. racemosus r&mtDNA 
p r e p a r a t i o n .  The p Y l r l 6  p r o b e  w a s  t e s t e d  f o r  h y b r i d i z a t i o n  t o  
r e s t r i c t i o n  f r a g m e n t s  o f  Mucor r&mtDNA ( F i g . l )  and t o t a l  DNA ( F i g .  2 )  
t h a t  had been s e p a r a te d  on a g a r o s e  e l e c t r o p h o r e s i s  g e l s  and t r a n s f e r r e d  
t o  n i t r o c e l l u l o s e  m em brane. The same h y b r i d i z a t i o n  p a t t e r n s  w ere  
o b s e r v e d  w i t h  b o th  r&mtDNA and t o t a l  DNA ( F i g .  A ) .  DNA f r a g m e n t s  
h y b r i d i z i n g  w i t h  t h e  p Y l r l 6  p r o b e  e x i s t e d  a s  f a i n t  b a n d s  among a 
background smear in  th e  la n e s  c o n t a in in g  th e  t o t a l  DNA d i g e s t  ( F i g .  2 )  
and a s  d i s t i n c t  i n t e n s e  b an d s  i n  th e  la n e s  c o n ta in in g  r&mtDNA d i g e s t s  
( F i g .  1 ) .  T h is  d em o n stra tes  th a t  th e  r&mtDNA p r e p a r a t i o n  was e n r i c h e d
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i n  rDNA. The s i z e  d i s t r i b u t i o n s  o f  h y b r id iz e d  fragm ents  a re  shown in  
F i g s .  1 ,  2 ,  and 4 fo r  each r e s t r i c t i o n  enzyme u s e d .  S u r p r i s i n g l y ,  mtDNA 
c o n ta in in g  th e  c y t o c h r o m e  o x i d a s e  s u b u n i t  I I  g e n e  and some f l a n k i n g  
r e g i o n s  ( F i g .  5 )  i s o l a t e d  from  j3. c e r e v i s i a e  p e t i t e  m u ta n t  DS302 
(C o ru zz i  e t  a l . ,  1981) h y b r id iz e d  t o  some rDNA hands ( F i g .  6 )  under non-  
s t r i n g e n t  c o n d i t i o n s .  DS302 mtDNA was d i g e s t e d  w i t h  H i n f l  and show ed  
t h e  g e n u in e  c y t o c h r o m e  o x id a s e  su b u n it  I I  gene d i g e s t i o n  p a t te r n  ( F ig .
5 )  as  p u b l i s h e d  (C o ru zz i  e t  a l . ,  1 9 8 1 ) .  T h e s e  o b s e r v a t i o n s  r a i s e  t h e  
p o s s i b i l i t y  t h a t  a cytochrom e o x id a s e  su b u n it  I I  gene may be encoded in  
nDNA i n  M. r a c e m o s u s . A l t e r n a t i v e l y ,  t h e r e  may be s i g n i f i c a n t  
d i f f e r e n c e s  in  th e  n u c le o t i d e  seq u en ce  or o r g a n iz a t io n  o f  th e  Mucor and 
Saccharom yces cytochrom e c o x id a s e  su b u n it  I I  g e n e s .  DS302 DNA may have  
h y b r id iz e d  to  t h e  rDNA b e c a u s e  o f  a f o r t u i t o u s  h o m o lo g y  ( a  v a l u e  o f  
a p p r o x i m a t e l y  40% homology was found by "Segments" computer program) or  
b eca u se  o f  an u n d e t e c t a b le  amount o f  rDNA c o n t a m i n a t i o n  i n  t h e  DS302  
mtDNA p r e p a r a t io n .
I I I .  C lo n in g  o f  rRNA gen es
a )  C lon in g  o f  th e  2 .52 -K b  EcoRI and 1 .15-K b H i n d l l l  fragm ents
A 2 .52 -K b  EcoRI r e s t r i c t i o n  fragment and a 1 .15-K b H i n d l l l  fragment  
w e r e  e l e c t r o e l u t e d  from  an a g a r o s e  g e l  s e p a r a t i n g  th e  components of  
d ig e s t e d  r&mtDNA ( F i g .  1 ) .  T h e s e  f r a g m e n t s  w e re  c l o n e d  i n t o  p la s m id  
pUC19 a t  EcoRI and H i n d l l l  s i t e s  r e s p e c t i v e l y .  The s t r a t e g y  used  i s  
d e p ic te d  in  F i g .  7 .  T ran sform ed  c e l l s  w ere  p l a t e d  on MacConkey a g a r  
p l a t e s  c o n t a i n i n g  a m p i c i l l i n .  Recombinants form ing w h ite  c o l o n i e s  were
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s u b c u ltu r e d  f o r  fu r t h e r  e x a m in a t io n .  For th e  s e l e c t i o n  o f  r e c o m b in a n t s  
c o n ta in in g  2 .52 -K b  EcoRI i n s e r t s ,  p la sm id s  were i s o l a t e d  from f i v e  w h i te  
c o l o n i e s  u s i n g  t h e  r a p id  p la sm id  p r e p a r a t io n  te c h n iq u e  o f  Birnboim  and 
D oly  ( 1 9 7 9 ) .  When d i g e s t e d  w i t h  E c o R I ,  t h r e e  o f  t h e  f i v e  p la s m id s  
show ed  i n s e r t i o n  o f  a 2 .5 2 - K b  EcoRI fr a g m en t  ( F i g .  8 ) .  Out o f  th r e e  
c l o n e s  c o n t a i n i n g  t h e  2 .5 2 - K b  EcoRI f r a g m e n t ,  two (pMR8 and pMR14) 
show ed i d e n t i c a l  d i g e s t i o n  p a t t e r n s  when t r e a t e d  w ith  EcoRI and Xbal 
r e s t r i c t i o n  e n d o n u c l e a s e s  ( F i g .  9 ) .  B o th  c l o n e s  d i s p l a y e d  p o s i t i v e  
h y b r id i z a t io n  w ith  th e  p Y lr l6  probe in  dot b l o t  h y b r id i z a t io n  ( F i g .  1 0 ) ,  
and pMR8 was chosen  fo r  fu r t h e r  work.
F o l lo w in g  th e  same e x p e r im e n ta l  p rocedu re  as  d e s c r ib e d  a b ove ,  th r e e  
c l o n e s  (pMR6, pMR3 and pMR18) c o n ta in in g  1 .15-K b H i n d l l l  fragm ents  were  
o b t a in e d .  D i g e s t i o n  w ith  SauIIIA  showed th a t  pMR6 and pMR18 were c lo n ed  
i n  t h e  sam e o r i e n t a t i o n  w h i l e  pMR3 w a s  c l o n e d  i n  t h e  o p p o s i t e  
o r i e n t a t i o n .  Subsequent work fo c u s e d  on pMR6.
b )  H y b r i d i z a t i o n  o f  t h e  c l o n e d  2 .52 -K b  EcoRI fragment (pMR8) and 
th e  1 .15-K b H i n d l l l  fragment (pMR6) to  r&mtDNA r e s t r i c t i o n  fragm ents
N i c k - t r a n s l a t e d  pMR8 and pMR6 DNA p r o b e s  w e r e  h y b r i d i z e d  t o  
r e s t r i c t i o n  f r a g m e n t s  o f  r&mtDNA on Southern  b l o t s  o f  a g a ro se  g e l s  as  
d e p ic t e d  i n  F i g .  1 .  The r e s u l t s  a re  shown in  F i g s .  12 and 1 3 .  P lasm id  
pMR8 was shown t o  h y b r i d i z e  to  th e  3 .70 -K b  H i n d l l l  fragment but not to  
th e  1 .15-K b  H i n d l l l  f r a g m e n t .  P la s m id  pMR6 h y b i d i z e d  t o  t h e  6 .0 -K b  
EcoRI fr a g m e n t  b u t  n o t  t o  t h e  2 .5 2 - K b  EcoRI f r a g m e n t .  B o th  probes  
h y b r id i z e d  t o  9 .7 6 - K b  P s t I  and 9 .7 6 - K b  S a i l  f r a g m e n t s .  From t h e s e
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h y b r id i z a t io n  p a t t e r n s  i t  was concluded  t h a t  th e  2 .52 -K b  EcoRI and 1 . 1 5 -  
Kb H i n d l l l  f r a g m e n t s  a r e  n o t  o v e r l a p p i n g  and t h a t  both  fragm en ts  are  
l o c a t e d  w i t h in  a s i n g l e  9 .76 -K b  r e g io n .  A 2 .47 -K b  fragm ent i n  th e  Xbal 
la n e  h y b r id iz e d  t o  both th e  2 .52-K b EcoRI and 1 .15 -K b  H i n d l l l  fr a g m en ts .  
C o n s e q u e n t l y ,  t h e  d i s t a n c e  b e tw e e n  th e  2 .52 -K b  EcoRI fragm ent and th e
1 .15 -K b  H i n d l l l  fragm ent should  not be lo n g e r  than 2 .4 7  Kb.
c )  C lon in g  o f  th e  6 .0 -K b  EcoRI and 3 .70 -K b  H i n d l l l  fragm ents
A ttem pts t o  c lo n e  th e  6 .0 -K b  EcoRI and 3 .7 0 - K b  H i n d l l l  f r a g m e n t s  
i n t o  p l a s m i d  pUC19 p r o v e d  u n s u c c e s s f u l .  An a l t e r n a t i v e  v e c t o r  
(pACYC184) and h o s t  (E .^ c o l i  K 802) w e r e  s u b s e q u e n t l y  em p lo y e d  w i t h  
g r e a t e r  s u c c e s s .  The s t r a t e g y  u sed  to  c lo n e  th e  6 .0 -K b  EcoRI fragment  
i s  d e p ic t e d  in  F i g .  1 4 .  E l e c t r o e l u t e d  6 .0 -K b  EcoRI. fragm ent was l i g a t e d  
i n t o  t h e  E c o R I  s i t e  o f  p h o s p h a t a s e - t r e a t e d  pACYC184 p l a s m i d .  
T ransform ants  th a t  grew on LB-agar c o n t a in in g  t e t r a c y c l i n e  were r e p l i c a -  
p l a t e d  on L B - a g a r  c o n t a i n i n g  c h l o r a m p h e n i c o l .  C lo n e s  t h a t  w e re  
t e t r a c y c l i n e - r e s i s t a n t  and c h l o r a m p h e n i c o l - s e n s i t i v e  w e r e  s e l e c t e d .  
S e v e r a l  c o l o n i e s  s h o w in g  p o s i t i v e  h y b r i d i z a t i o n  ( F i g .  15 )  w i th  n ic k -  
t r a n s l a t e d  1 .15-K b  H i n d l l l  fragm ent ( d e r iv e d  from pMR6) a s  a p r o b e  and
c o n t a i n i n g  a 6 .0 - K b  EcoRI i n s e r t  ( d a t a  n o t  sh o w n ) w ere  o b ta in e d .  A
probe was prepared  from th e  1 .15-K b H i n d l l l  f r a g m e n t  a s  f o l l o w s .  The
1 .1 5 - K b  H i n d l l l  i n s e r t  was e l e c t r o e l u t e d  from H i n d l l l - d i g e s t e d  pMR6 and 
s e l f - l i g a t e d  t o  c r e a t e  a m u l t i m e r i c  fo r m  o f  t h e  f r a g m e n t .  T h i s  
m u l t i m e r i c  form  o f  t h e  1 .15-K b  H i n d l l l  fragm ent was n ic k  t r a n s l a t e d  as  
d e s c r ib e d  e a r l i e r .
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One p o s i t i v e  c l o n e ,  pMRK3, was u se d  In  f u r t h e r  w o r k .  The schem e  
used to  c lo n e  th e  3 .70 -K b  H i n d l l l  fragment i s  d e p ic t e d  in  F i g .  1 6 .  The 
t o t a l  p o p u l a t i o n  o f  H i n d l l l - d i g e s t e d  r&mtDNA was l i g a t e d  i n t o  t h e  
H i n d l l l  s i t e  o f  p h o s p h a t a s e - t r e a t e d  p la s m id  pACYC184. T ransform ants  
growing on LB-agar c o n ta in in g  ch lo ra m p h en ico l  were r e p l i c a - p l a t e d  on LB- 
a g a r  c o n t a i n i n g  t e t r a c y c l i n e .  C lo n e s  t h a t  w e r e  c h l o r a m p h e n i c o l -  
r e s i s t a n t  and t e t r a c y c l i n e - s e n s i t i v e  w e r e  s e l e c t e d .  One such c lo n e  
(pMR55) showing p o s i t i v e  h y b r i d i z a t i o n  w i t h  n i c k - t r a n s l a t e d  2 .5 2 - K b  
EcoRI f r a g m e n t  ( d a t a  n o t  sh o w n ) and c o n t a i n i n g  t h e  3 .7 0 - K b  H i n d l l l  
i n s e r t  (d a ta  n ot  shown) was used  in  fu r t h e r  work. A probe was prepared  
from th e  2 .52-K b EcoRI fragment o f  p lasm id  pMR8 u s in g  th e  same p rocedure  
as p r e v i o u s l y  d e s c r ib e d  fo r  th e  1 .15-K b H i n d l l l  fragm en t.
d) A n a ly s i s  o f  o v e r la p p in g  c lo n ed  fragm ents
P la s m id  pMR8 t h a t  had b e e n  d o u b l e - d i g e s t e d  w ith  B g l l l  and EcoRI,  
th e  3 .70 -K b  H i n d l l l  fragm ent th a t  had been d ig e s t e d  w ith  EcoRI, and th e
1 .1 5 - K b  H i n d l l l  f r a g m e n t  t h a t  had b een  d i g e s t e d  w i th  EcoRI ( F i g .  17)  
were t r a n s f e r r e d  from an a g a r o se  e l e c t r o p h o r e s i s  g e l  t o  n i t r o c e l l u l o s e  
membrane by Southern b l o t t i n g  and a n a ly se d  by h y b r id i z a t io n  u s in g  n ic k -  
t r a n s l a t e d  6 .0 -K b  EcoRI fr a g m e n t  a s  a p r o b e  ( F i g .  1 8 ) .  The r e s u l t s  
i n d i c a t e d  th a t  th e r e  i s  a 0 .80 -K b  r e g io n  o f  o v e r la p  between th e  1 .15-K b  
H i n d l l l  fragment and th e  6 .0 -K b  EcoRI fragment and a 0 .2 9 - K b  r e g i o n  o f  
o v e r l a p  b e tw e e n  t h e  3 .7 0 - K b  H i n d l l l  f r a g m e n t  and t h e  6 .0 - K b  EcoRI  
fragm ent ( F i g .  1 9 ) .  The a b sen ce  o f  o v e r la p  between th e  1 .15 -K b  H i n d l l l  
fragment and th e  2 .52-K b EcoRI fragment ( F i g .  1 2 ,  13 )  and th e  p resen ce
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o f  t h e  2 .5 2 -K b  EcoRI fragm ent w i t h in  th e  3 .70-K b H i n d l l l  fragm ent ( F ig .
12) w ere shown e a r l i e r .
IV . Mapping o f  r e s t r i c t i o n  e n d o n u c lea se  c l e a v a g e  s i t e s
C o n s t r u c t i o n  o f  a r e s t r i c t i o n  map f o r  t h e  e n t i r e  9 .7 6 - K b  rDNA
r e p e a t  u n i t  w a s  p e r f o r m e d  u s i n g  a v a r i e t y  o f  e n d o n u c l e a s e s  w h ic h
r e c o g n iz e  unique h e x a n u c le o t i d e  s e q u e n c e s .  E ach  o f  t h e  m a jo r  c l o n e d
f r a g m e n t s  d e s c r i b e d  a b o v e  w a s  d i g e s t e d  w i t h  t h e s e  e n z y m e s .  The
p o p u la t io n  o f  s m a l le r  fragm en ts  g en er a ted  by t h i s  p r o c e s s  i s  p r e s e n t e d
i n  T ab le  1 ,  each  su b-fragm ent b e in g  c h a r a c te r iz e d  on th e  b a s i s  o f  s i z e .
From th e  h y b r id i z a t io n  p a t t e r n s  d i s p l a y e d  In  F i g s .  4 ,  1 2 ,  1 3 ,  and 1 8 ,
and a n a l y s i s  o f  t h e  d i g e s t i o n  p a t t e r n  ob served  in  T able  1 ,  a p h y s i c a l
r e s t r i c t i o n  map was deduced . R e s t r i c t i o n  s i t e s  i d e n t i f i e d  i n  t h i s  way
on t h e  26S rRNA g e n e  w e r e  l a t e r  c o n f i r m e d  by a c o m p l e t e  n u c l e o t i d e
seq u en ce  d e te r m in a t io n  u s in g  th e  Sanger d id eo x y  p r o c e d u r e  ( s e e  b e l o w ) .
T h e  rDNA r e s t r i c t i o n  map o b t a i n e d  i n  t h i s  s t u d y  was shown t o  be
e s s e n t i a l l y  i d e n t i c a l  t o  th a t  o b ta in e d  by C ih la r  and Sypherd ( 1 9 8 0 ) .  In
t h e i r  s tu d y  th e  r e s t r i c t i o n  map and t h e  r e l a t i v e  o r d e r  o f  t h e  g e n e s
e n c o d i n g  t h e  2 6 S ,  1 8 S ,  5 . 8 S  and 5S rRNA s p e c i e s  were determ ined  u s in g
two p la sm id s  w ith  BamHI i n s e r t s  (pMu300 and pMu294) and tw o p la s m id s
w ith  H i n d l l l  I n s e r t s  (pMu438 and pMu39) o b ta in e d  from a Mucor t o t a l  DNA
32l i b r a r y  in  p lasm id  pBR322 by u s in g  i n  v i v o  P - l a b e l l e d  p u r i f i e d  rRNA 
s p e c i e s  a s  p r o b e s .  The r e s t r i c t i o n  map d eterm ined  f o r  th e  9 .76 -K b  rDNA 
r e p e a t  u n i t  in  t h i s  s tu d y  i s  d i r e c t l y  compared w i t h  t h e  map p r e v i o u s l y  
c o n s tr u c te d  by C ih la r  and Sypherd (1 9 8 0 )  in  F ig .  19 .
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V. Complete n u c le o t i d e  seq u en ce  d e te r m in a t io n  o f  26S rRNA gene
The c o m p l e t e  n u c l e o t i d e  s e q u e n c e  o f  t h e  26S  rRNA g e n e  from  M. 
racem osus was d eterm ined  by th e  d id e o x y r ib o n u c le o t id e  c h a in  t e r m i n a t i o n  
method o f  Sanger e t  a l .  ( 1 9 7 7 ) .  The s t r a t e g y  employed i s  shown in  F ig .  
2 0 .  R e s t r i c t i o n  f r a g m e n t s  and s o n i c a t i o n  f r a g m e n t s  w e r e  u s e d  i n  
s e q u en c in g  a 2 .13 -K b  i n t e r n a l  r e g io n  o f  th e  gene from 1 .28-K b  map u n i t s  
( S a i l  s i t e )  t o  3 .41 -K b  map u n i t s  (EcoRI s i t e ) .  R e s t r i c t i o n  f r a g m e n t s  
a lo n e  were used  to  seq u en ce  th e  rem ainder o f  th e  g en e .
DNA f r a g m e n t s  1 5 0 - 5 0 0  bp i n  l e n g t h  g en er a ted  by s o n ic a t i o n  o f  an 
e l e c t r o e l u t e d  2 .13 -K b  S a l l -E c o R I  fragm ent from pMR8 were s u b c lo n e d  i n t o  
M13 m p !9 .  P h a g e  w h ic h  fo rm ed  w h i t e  p la q u es  on JE. c o l i  NM522 grown on 
m inim al medium i n  th e  p r e s e n c e  o f  5 - b r o m o - 4 - c h l o r o - 3 - i n d o x y l  b e t a - D -  
g a l a c t o s i d e  (X -G al)  c o n ta in e d  DNA i n s e r t e d  i n t o  th e  r e g io n  o f  th e  v e c t o r  
e n c o d i n g  t h e  b e t a - g a l a c t o s l d a s e  a l p h a - c o m p le m e n t i n g  p e p t i d e .  The 
re co m b in a n t  p h a g e  w e r e  s c r e e n e d  by d o t  b l o t  h y b r i d i z a t i o n  t o  n i c k -  
t r a n s l a t e d  2 .13 -K b  S a l l -E c o R I  fragm ent as i l l u s t r a t e d  i n  F i g .  2 1 .
C lo n e s  d i s p l a y i n g  s t r o n g  h y b r i d i z a t i o n  t o  th e  probe were used  in  
s e q u e n c i n g  r e a c t i o n s .  F r a g m e n t s  g e n e r a t e d  by s i n g l e  o r  d o u b l e  
d i g e s t i o n s  w i t h  v a r i o u s  co m b in a tio n s  o f  r e s t r i c t i o n  en d o n u c le a s e s  were  
c lo n ed  i n t o  both  M13 mpl8 and M13 mpl9 t o  o b ta in  seq u en ces  f o r  both  DNA 
s t r a n d s .  An a r r a y  o f  o v e r l a p p i n g  DNA s e q u e n c e s  w e r e  g e n e r a t e d  and 
ordered  by com puter a n a l y s i s  ( S t a d e n ,  1 9 8 0 )  a s  shown i n  F i g .  2 2 .  A 
t o t a l  o f  3469 bp were i d e n t i f i e d  in  c o r r e c t  order on both s tr a n d s  o f  th e  
26S rRNA gene and some f la n k in g  r e g io n s .
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V I . A n a ly s i s  o f  th e  n u c l e o t i d e  seq u en ce  o f  th e  26S rRNA gene
The 26S rRNA gene from M. racemosus was sequenced  i n  i t s  e n t i r e t y .  
The 5' and 3' ends o f  th e  gene  were i d e n t i f i e d  upon c o m p a r is o n  o f  t h e  
p r e s e n t  n u c l e o t i d e  s e q u e n c e  w i t h  t h a t  r e p o r t e d  f o r  th e  26S rRNA gene  
from  S^ . c e r e v i s i a e . A c o m p a r is o n  o f  t h e s e  g e n e s  f r o m  M u co r  and  
S a c c h a r o m y c e s  i s  show n i n  F i g .  2 2 .  The Mucor gene c o n t a in s  3469 bp, 
compared w ith  3392 bp in  th e  S acch arom yces  g e n e .  The m ain  r e a s o n  f o r  
t h i s  d i f f e r e n c e  i s  t h e  a p p a r e n t  i n s e r t i o n  o f  a 106-bp  (from  bp-608 t o  
b p -7 1 3 )  i n  th e  Mucor g e n e .  The 106-bp  segment d i f f e r e d  from th e  t y p i c a l  
G C -rich seq u en ces  found i n s e r t e d  in  h ig h e r  e u k a r y o t e s .  E x c e p t  f o r  t h i s  
r e g io n ,  th e  26S rRNA gene o f  Mucor showed e x t e n s i v e  (79%) homology w ith  
t h a t  o f  Saccharom yces th rou gh out i t s  l e n g t h .
The Saccharom yces 26S rRNA t r a n s c r i p t  c o n ta in s  43 m eth y l  groups fo r  
which 30 c o r resp o n d in g  s i t e s  have been i d e n t i f i e d  on t h e  g e n e  (V eldm an  
e t  a l . ,  1 9 8 1 ) .  A l l  30 s i t e s  were shown to  be co n ser v ed  i n  th e  26S rRNA 
gene o f  Mucor. M oreover, 750 bp s u r r o u n d in g  t h e  30 m e t h y l a t i o n  s i t e s  
show ed  98% h o m o lo g y  w i t h  S acch arom yces . T hese f i n d i n g s  r e p r e s e n t  o n ly  
th e  n in th  d e te r m in a t io n  o f  t h e  c o m p l e t e  s e q u e n c e  f o r  a 26S  rRNA g e n e  
among t h e  e u k a r y o t e s ,  th e  fo u r th  d e te r m in a t io n  among th e  p r o t i s t s ,  th e  
t h i r d  among t h e  f u n g i ,  a n d  t h e  f i r s t  am ong t h e  z y g o m y c e t e s .  A 
c o m p i la t io n  o f  e u k a r y o t ic  organ ism s in  which  th e  26S rRNA gene has been  
sequenced  i s  p r e s e n te d  i n  T a b le  2 .
DISCUSSION
A 9 .76 -K b  n u c le a r  rDNA r e p e a t  u n i t  from M. racemosus was c lo n ed  in
IE. c o l l  i n  f o u r  o v e r la p p i n g  p i e c e s  and mapped. The r e s t r i c t i o n  map o f
t h i s  r e g io n  o b ta in e d  in  t h i s  s t u d y  was e s s e n t i a l l y  i d e n t i c a l  t o  t h a t
c o n s t r u c t e d  by  C i h l a r  a n d  S y p h e r d  ( 1 9 8 0 ) .  I n  t h e i r  s t u d y  t h e
recom binant p la sm id s  c o n t a in in g  rDNA f r a g m e n t s  w e r e  o b t a i n e d  by u s i n g  
32 P - l a b e l l e d  rRNA s p e c i e s  as p r o b e s .  The probe used  i n  th e  p r e s e n t  study  
was p la s m id  p Y l r l 6  c a r r y i n g  S^ . c e r e v i s i a e  rDNA. T hese Saccharomyces  
gen es  a re  known to  l a c k  any i n t r o n s .  C o n s e q u e n t l y ,  t h e  9 .7 6 - K b  rDNA 
r e p e a t  u n i t  from Mucor a p p a r e n t ly  a l s o  l a c k s  i n t r o n s .  I f  any do e x i s t ,  
they  a re  o f  a n e g l i g i b l e  s i z e .
The 26S rRNA gene from M. racem osus was sequenced  i n  i t s  e n t i r e t y .  
The 5 '  and 3 '  e n d s  o f  t h e  g e n e  were i d e n t i f i e d  upon com parison o f  th e  
p r e s e n t  n u c le o t i d e  seq u en ce  w i t h  t h a t  r e p o r t e d  f o r  t h e  26S rRNA g e n e  
fro m  S^ . c e r e v i s i a e . The M ucor g e n e  was found t o  c o n ta in  3469 bp, in  
com parison th e  3392 bp r e p o r te d  f o r  t h e  S a c c h a r o m y c e s  g e n e .  The m ain  
re a so n  f o r  t h i s  d i f f e r e n c e  i s  th e  apparent i n s e r t i o n  o f  a 106-bp  r e g io n  
in  th e  Mucor g e n e .  T h is  106-bp  segment co n ta in ed  a GC c o n t e n t  o f  37%, 
d i f f e r i n g  from  t h e  t y p i c a l  G C-rich  seq u en ces  found i n s e r t e d  w i t h in  th e  
gene i n  h ig h e r  ex ik a ry o te s .  E xcep t f o r  t h i s  r e g io n ,  th e  26S rRNA gene o f  
Mucor showed 79% h o m o lo g y  w i t h  t h a t  o f  S a c c h a r o m y c e s  t h r o u g h o u t  i t s  
l e n g t h .
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P r e v i o u s l y  d e s c r i b e d  e x a m p l e s  o f  I n s e r t s  w i t h i n  a c o n s e n s u s  
e u k a r y o t i c  rDNA s e q u e n c e  w e re  shown t o  h a v e  v a r i a b l e  f a t e s ,  w i t h  
p r o c e s s i n g  c a r r i e d  o u t  by d i v e r s e  m e c h a n is m s .  I n t e r g e n i c  s p a c e r  
seq u en ces  a re  t r a n s c r ib e d  i n  a l l  eu k a ry o te s  and l a t e r  e x c i s e d  from  th e  
rRNA t r a n s c r i p t s  w i t h o u t  l i g a t i o n  b e tw e e n  t h e  r e m a in in g  s e q u e n c e s  
(Seilham mer e t  a l . ,  1 9 8 4 ) .  I n  T e tr a h y m e n a , an i n t r a g e n i c  i n s e r t  i s  
e x c i s e d  and t h e  r e m a i n i n g  s e q u e n c e s  a r e  l i g a t e d  by an a u t o c a t a l y t i c  
p r o c e s s  (Grabowski e t  a l . ,  1 9 8 4 ) .  In  D r o s o p h i la , a p o p u la t io n  o f  genes  
c o n t a i n i n g  t y p e  1 i n s e r t i o n  s e q u e n c e ,  p r e s e n t  in  h a l f  o f  th e  26S rRNA 
gen es  on th e  X-chromosome, were n o t  t r a n s c r ib e d  (Long and D aw id , 1 9 7 9 ) .  
A d d i t i o n a l  i n s e r t i o n  s e q u e n c e s  fo u n d  i n  h ig h e r  e u k a r y o t ic  rRNA genes  
were e x p r e s s e d  i n  th e  rRNA t r a n s c r i p t s ,  b e i n g  l a r g e l y  r e s p o n s i b l e  f o r  
t h e  i n c r e a s e  i n  t h e  s i z e  o f  t h e  26S rRNA s p e c i e s  in  h ig h e r  eu k a ry o te s  
( H a d j i o l o v  e t  a l . ,  1 9 8 4 ;  H a sso u n a  e t  a l . ,  1 9 8 4 ;  Ware e t  a l . ,  1 9 8 3 ;  
Otsuka e t  a l . ,  1983; G onzalez  e t  a l . ,  1 9 8 5 ) .
A c o m p a r is o n  o f  t h e  tw o e n d s  o f  th e  106-bp  r e g io n  w ith  th e  ex o n -  
in t r o n  ju n c t io n  o f  th e  26S rRNA in  Tetrahymena (Grabowski e t  a l . ,  1 9 8 4 ) ,  
Ph ysaru m  (O ts u k a  e t  a l . ,  1 9 8 3 ) ,  and t h a t  o f  t h e  l a r g e  s u b u n i t  o f  
m i t o c h o n d r i a l  rRNA i n  S a c c h a r o m y c e s  ( S o r  and F u k u h a r a ,  1 9 8 3 )  and  
N e u r o sp o r a  ( G a r r i g a  e t  a l . ,  1 9 8 4 )  f a i l e d  t o  r e v e a l  any s i g n i f i c a n t  
h o m o lo g y .  A more c o m p l e t e  c h a r a c t e r i z a t i o n  o f  th e  106-bp  i n s e r t  may 
prove i n t e r e s t i n g  but a w a i t s  f u r t h e r  a n a l y s i s .
The 26S rRNA o f  Saccharom yces i s  known to  c o n ta in  43 m ethyl groups 
( K l o o t w i j k  a n d  P l a n t a ,  1 9 7 3 ) .  The same m o l e c u l e  from  HeLa c e l l s  
c o n t a in s  68 m eth y l  groups (Maden e t  a l . ,  1972)1 In  Saccharom yces 30 o f
119
t h e  43 m e t h y l a t i o n  s i t e s  h a v e  b een  p r e c i s e l y  l o c a t e d  on th e  26S rRNA 
(V eldm ann  e t  a l . ,  1 9 8 1 ) .  A l l  30 o f  t h e s e  s i t e s  w e r e  s h o w n  t o  b e  
co n serv ed  when th e  Mucor 26S rRNA gene was compared w ith  r e s p e c t  to  th a t  
o f  Saccharom yces . A l l  s i t e s  were co n f in e d  t o  seq u en ces  co rresp o n d in g  to  
d o m a i n s  I I ,  V ,  a n d  V I  o f  t h e  RNA p r o d u c t  i n  b o t h  M u cor  a n d  
Saccharom yces . DNA seq u en ces  t o t a l l i n g  750 b a se  p a ir s  in  th e  im m e d ia te  
v i c i n i t y  o f  t h e  30 m e t h y l a t i o n  s i t e s  on t h e  Mucor 26S rRNA showed a 
rem arkable homology o f  98% w ith  a corresp o n d in g  p o r t io n  o f  th e  gene from 
Saccharom yces . T hese r e g io n s  resem bled  th o s e  most s t r o n g l y  con served  on 
b a c t e r i a l ,  c h l o r o p l a s t ,  m ito c h o n d r ia l  and e u k a r y o t ic  ( c y t o p la s m ic )  la r g e  
rRNA s p e c i e s .  I t  w o u ld  be i n t e r e s t i n g  t o  d e t e r m i n e  i f  t h e s e  s i t e s  
c o n s e r v e d  i n  t h e  genome a r e  m e th y la t e d  in  th e  Mucor t r a n s c r i p t ,  as  i s  
th e  c a s e  f o r  th e  Saccharom yces t r a n s c r i p t .  W hile th e  g en es  from 12. c o l i  
and Saccharom yces i n  some c a s e s  have th e  same m o d i f i c a t i o n  r e c o g n i t i o n  
s i t e  t h e  f i n a l  t r a n s c r i p t s  a r e  o f t e n  d i f f e r e n t ,  a s  f o r  ex a m p le  th e  
seq u en ce  U-A-A-C-mU-A-U i n  E_. c o l i  which c o r r e s p o n d s  t o  U -A -A ^-C -U -A -U  
i n  Saccharom yces (Veldmann e t  a l . ,  1 9 8 1 ) .  The e v o lu t io n a r y  c o n s e r v a t io n  
o f  p r im a r y  s t r u c t u r e  and m e t h y l a t i o n  r e c o g n i t i o n  s e q u e n c e s  i n  t h e  
im m ediate v i c i n i t y  o f  m e th y la t io n  s i t e s  im p l ie s  a p o t e n t i a l  im p o r ta n c e  
f o r  t h e s e  p o s t - t r a n s c r i p t i o n a l  m o d i f i c a t i o n s  in  rRNA p r o c e s s in g  a n d /o r  
r ib o s o m e  f u n c t i o n .  M e t h y l a t i o n  o f  t h e  rRNA t r a n s c r i p t  s h o u l d  be  
d i s t i n g u i s h e d  from  t h e  m e t h y l a t i o n  o f  rDNA. The r e l a t i o n s h i p  between  
th e  d eg ree  o f  genomic m e th y la t io n  and d i f f e r e n t i a l  rRNA s y n t h e s i s  was  
show n d u r in g  e a r l y  d e v e lo p m e n t  i n  X enop u s (B ird  e t  a l . ,  1981) and in  
r a p id ly  growing c u l tu r e d  r a t  c e l l s  (Kunneth and L ock er ,  1 9 8 2 ) .  W hether  
p h e n o t y p i c  c o n s e q u e n c e s  o b t a i n  from  q u a l i t a t i v e  o r  q u a n t i t a t i v e  
d i f f e r e n c e s  in  th e  m e th y la t io n  o f  rRNA t r a n s c r i p t s  has n o t b e e n  s t u d i e d
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e x c e p t  In  t h e  poky m u ta n t  o f  N e u r o s p o r a  c r a s s a  (Lambowitz and Luck,  
1 9 7 6 ) .
I t  has been e s t a b l i s h e d  th a t  even th o u g h  t h e  h o m o lo g y  o f  p r im a ry  
s t r u c t u r e  I s  lo w  f o r  t h e  l a r g e  s u b u n i t  rRNA s p e c i e s  o f  _E. c o l i  and 
S a c c h a r o m y c e s , t h e  s e c o n d a r y  s t r u c t u r e  o f  t h e s e  m o l e c u l e s  h a s  b e e n  
c o n s e r v e d  s i g n i f i c a n t l y  d u r in g  e v o l u t i o n ,  presumably due to  f u n c t i o n a l  
c o n s i d e r a t i o n s .  B ecause o f  th e  s t r o n g  homology o f  primary s t r u c t u r e  fo r  
th e  26S rRNA s p e c i e s  from Mucor and Saccharomyces we m ig h t  p r e d i c t  t h e  
s e c o n d a r y  s t r u c t u r e  o f  t h i s  m o l e c u l e  t o  be v e r y  s i m i l a r  i n  b o th  
o rg a n ism s .  In  f a c t ,  based upon com p u ter-gen erated  second ary  s t r u c t u r e ,  
we w e r e  a b l e  t o  d i v i d e  th e  26S rRNA from Mucor i n t o  sev e n  dom ains, th e  
same a s  a l r e a d y  e s t a b l i s h e d  f o r  t h e  S a c c h a r o m y c e s  m o l e c u l e .  T he  
' h o m o lo g ies  n o ted  f o r  each domain o f  th e  Mucor and Saccharom yces 26S rRNA 
a r e  p r e s e n t e d  i n  T a b le  3 .  Domain VI showed th e  s t r o n g e s t  homology and 
d o m a in s  I I  and V II  sh o w ed  t h e  l o w e s t  h o m o l o g y .  Due  t o  s e v e r a l  
i n s e r t i o n s  o f  v a r y i n g  l e n g t h s  t h e  26S  rRNA s p e c i e s  from  Mucor and  
Saccharom yces have 720 and 640 more n u c l e o t i d e s  r e s p e c t i v e l y  th a n  t h e  
e q u iv a le n t  m o le c u le  from IS. c o l l . These added i n s e r t i o n s  can be fo ld e d  
as  i d e n t i c a l  s te m - lo o p  s t r u c t u r e s  in  m o st  o f  t h e  e s t a b l i s h e d  d o m a in s .  
When t h e s e  i n s e r t e d  se q u e n c e s  were compared in  Mucor and Saccharomyces  
th ey  showed a much low er homology (58%) th a n  fo u n d  i n  t h e  r e s t  o f  th e  
26S rRNA g e n e  ( 8 7 %) .  The s i z e  and l o c a t i o n  o f  th e s e  i n s e r t i o n s  are  
a lm o s t  i d e n t i c a l  e x c e p t  th e  p r e se n c e  o f  a 106-bp sequence  found o n ly  in  
Mucor and a 32-bp s t r e t c h  found o n ly  in  Saccharom yces .
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A ssu m in g  t h a t  t h e  number o f  i n s e r t e d  s e q u e n c e s  I n c r e a s e s  v e r y  
g r a d u a l ly  In  th e  co u rse  o f  e v o l u t i o n  and t h a t  t h e  r a t e  o f  m u t a t i o n  In  
t h e s e  I n s e r t s  i s  much f a s t e r  (b e c a u s e  th e  g e n e t i c  changes may be more 
e a s i l y  t o l e r a t e d  a t  th e  p h e n o t y p i c  l e v e l )  th a n  i n  t h e  c o n s e r v e d  c o r e  
s t r u c t u r e  o f  th e  g en e ,  th e  e v o lu t io n a r y  d iv e r g e n c e  o f  Saccharomyces and 
Mucor may be i n t e r p r e t e d  a s  a r e l a t i v e l y  r e c e n t  o c c u r r e n c e  in  t h e  
h i s t o r y  o f  a l l  l i f e .  As a consequence th e r e  sh ou ld  have been or should  
be o r g a n i s m s  l a c k i n g  som e o f  t h e  i n s e r t e d  s e q u e n c e s  common t o  
S a c c h a r o m y c e s  a n d  M u c o r . ( F i g . 2 4 ) .  I t  i s  n o t  y e t  known i f  t h e  
h o m o lo g ies  found i n  t h e  i n s e r t i o n  s e q u e n c e s  a r e  lo w e r  b e c a u s e  t h e s e  
r e g io n s  are  f u n c t i o n a l l y  l e s s  im p ortan t than th e  con served  r e g io n s  or i f  
they  impart some form o f  t r a n s l a t i o n a l  s p e c i f i c i t y  to  each organism .
I n  s p i t e  o f  t h e  r e l a t i v e  low homology o f  t h e s e  i n s e r t i o n  sequence  
r e g io n s  th e  o v e r a l l  second ary  s t r u c t u r e  remains v ery  c l o s e  i n  Mucor and  
S a c c h a r o m y c e s  a s  e a c h  b a s e  ch a n g e  i s  compensated by an oth er  change a t  
th e  o p p o s i t e  s i t e  o f  t h e  s t e m  l o o p  s t r u c t u r e  ( F i g .  2 3 ) .  The 1 0 6 -b p  
i n s e r t  i n  t h e  M ucor 2 6 S rRNA was fo u n d  i n  t h e  r e g i o n  o f  dom ain  IV.  
Domain I I I  has been s u g g e s t e d  t o  c o n t a i n  b i n d i n g  s i t e s  f o r  r i b o s o m a l  
p r o t e i n  L l l  and t h e  t a r g e t  s i t e  f o r  t h i o s t r e p t o n  (V eldm ann  e t  a l . ,  
1 9 8 1 ) .  Domain VI i s  t h e  m o st  c o n s e r v e d  r e g i o n  i n  a l l  rRNA s p e c i e s  
sequenced  so  f a r  in c lu d in g  th o s e  from Saccharom yces and Mucor. A number 
o f  im p ortan t f u n c t io n s  have been a t t r i b u t e d  to  t h i s  domain. The 5S rRNA 
s p e c i e s  (Gourse e t  a l . ,  1981) and r ib o so m a l  p r o t e in  LI (B ra n la n t  e t  a l . ,  
1981) are known to  bind to  t h i s  domain. The a l p h a - s a r c i n  c le a v a g e  s i t e  
w h ic h  i s  i d e n t i c a l  i n  IS. c o l i  ( S c h i n d l e r  a n d  D a v i e s ,  1 9 7 7 )  and  
S a c c h a r o m y c e s  (V eldm ann e t  a l . ,  1981) was co n serv ed  in  Mucor. Weldman
e t  a l .  (1 9 8 1 )  s u g g e s t e d  t h a t  p a r t  o f  dom ain  VI I n c l u d i n g  t h e  a l p h a -  
s a r c in  c l e a v a g e  r e g io n  may be in v o lv e d  in  form ing th e  r ib som al-A  s i t e  as  
a l p h a - s a r c i n  i n h i b i t s  th e  EF-T^ dependent b in d in g  o f  aminoacyl-tRNA in  
E. c o l i  ( S c h i n d l e r ,  1 9 7 7 ) .
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o f  th e  e le c tr o p h o r e to g r a m .  A H i n d l l l  d i g e s t  o f  b a c te r io p h a g e  lambda DNA 
was p r e s e n t  in  l a n e  1 .  A l l  o th e r  la n e s  d i s p l a y  d i g e s t s  o f  M. racemosus  
r&mtDNA cu t w i th  th e  f o l l o w i n g  enzymes: l a n e  2 ,  B g l l l ;  l a n e  3 ,  S a c I ;





F i g .  2 .  H o r i z o n t a l  0.7% a g a r o s e  g e l  e l e c t r o p h o r e s i s  o f  M. 
r a c e m o s u s  t o t a l  DNA d i g e s t e d  w i t h  v a r i o u s  r e s t r i c t i o n  e n d o n u c le a s e s .  
M o lecu la r  s i z e  s ta n d a rd s  (b a s e  p a ir s  x  1000) a re  i n d i c a t e d  t o  t h e  l e f t  
o f  th e  e le c tr o p h o r e to g r a m .  A H i n d l l l  d i g e s t  o f  b a c te r io p h a g e  lambda DNA 
was p r e s e n t  i n  la n e  1 .  A l l  o th e r  l a n e s  d i s p l a y  d i g e s t s  o f  M. racemosus  
t o t a l  DNA cu t w i th  th e  f o l l o w i n g  enzymes: la n e  2 ,  B g l l l ;  la n e  3 ,  S acI;
l a n e  4 ,  H i n d l l l ;  l a n e  5 ,  P s t I ;  l a n e  6 ,  E coR I; l a n e  7 ,  S a i l ;  la n e  8  ^
X b al.
Kb








F i g .  3 .  Map o f  c e r e v l s l a e  rDNA i n s e r t  In  IS. c o l l  p la s m id  
p Y l r I 6 .  R e s t r i c t i o n  f r a g m e n t s  A, C, and D r e p r e s e n t  t h e  e x t e n t  o f  
Saccharom yces rDNA c a r r ie d  w i t h i n  th e  p la sm id .
•£. c e r e v i s i a e  rDNA Repeat U nit
DNA Fragment 
C arried  by Plasmid  
p Y lr l6
18S 5.8S 25S
EcoRI R e s t r i c t i o n  Fragments 
o f  S. c e r e v i s i a e  DNA
139
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32F i g .  4 .  H y b r id iz a t io n  o f  P - l a b e l l e d  p Y lr l6  DNA t o  M. r a c e m o s u s  
t o t a l  DNA d ig e s t e d  w i th  th e  v a r io u s  r e s t r i c t i o n  en d o n u c lea se s  i d e n t i f i e d  
i n  F i g .  2 .  M o l e c u l a r  s i z e  s ta n d a rd s  (b a se  p a ir s  x  1000) a re  in d ic a t e d  
t o  th e  l e f t  o f  th e  a u to r a d io g r a m .  A H i n d l l l  d i g e s t  o f  b a c t e r i o p h a g e  
lam bda was p r e s e n t  i n  l a n e  1 .  A l l  o t h e r  la n e s  d i s p l a y  d i g e s t s  o f  M. 
racem osus t o t a l  DNA cu t w i th  th e  f o l l o w i n g  enzymes: l a n e  2 ,  B g l l l ;  la n e
3 ,  S a cI ;  l a n e  4 ,  H i n d l l l ;  la n e  5 ,  P s t I ;  l a n e  6 ,  E coR I; l a n e  7 ,  S a l  I ;  
la n e  8 ,  X b a l.
141









F i g .  5 .  R e s t r i c t i o n  map and a g a r o s e  g e l  e l e c t r o p h o r e s i s  o f  S^ . 
c e r e v i s i a e  DS302 m ito c h o n d r ia l  DNA c o n ta in in g  th e  c y t o c h r o m e  c o x i d a s e  
su b u n it  I I  gene ( d e s ig n a t e d  o x i  I  l o c u s )  and some f la n k in g  r e g io n s .  A) 
Map showing l o c a t i o n  o f  o x i  I  on DS302. Other g e n e t i c  markers in d ic a t e d  
a r e  g e n e s  f o r  a s p a r t y  1-tRNA (A S P ) ,  m e t h i o n y  1 - tR N A  (M E T ),  and  an  
u n i d e n t i f i e d  op en  r e a d i n g  fra m e (ORF). Maps f o r  s e v e r a l  o th e r  p e t i t e  
s t r a i n s  a re  d e p ic te d  but a r e  not r e l e v a n t .  B) E lec tro p h o re to g ra m : la n e
1 ,  DS302 DNA d i g e s t e d  w i t h  H i n f l ;  l a n e  2 ,  pUC19 DNA d i g e s t e d  w i t h  
S a u IH A .
, S. CEREVISIAE
} PETITE MUTANTS CARRYING
OXI I LOCUS
ASP MET - OXI I ORF
E3 m
I________________ PS200/AI________________________|
D S 3 0 2 ________________
t a-6
C~ 45  ,
+
II 12 13 14 15 16 17 18
MAP UNITS
F i g .  6 .  H y b r i d i z a t i o n  o f  ^ P - l a b e l l e d  S^ . c e r e v i s i a e  DS302 DNA to  
M. racem osus r&mtDNA d i g e s t e d  w i t h  v a r i o u s  r e s t r i c t i o n  e n d o n u c l e a s e s  
i d e n t i f i e d  i n  F i g .  1 .  M o lecu la r  s i z e  s ta n d a rd s  (b a s e  p a ir s  x  1000) are  
i n d i c a t e d  t o  t h e  l e f t  o f  t h e  a u t o r a d i o g r a m .  A H i n d l l l  d i g e s t  o f  
b a c te r io p h a g e  lambda DNA was p r e s e n t  in  la n e  1 .  A l l  o th er  la n e s  d is p la y  
d i g e s t s  o f  M. racem osus r&mtDNA cu t  w ith  th e  f o l l o w i n g  enzymes: la n e  2 ,
B g l l l ;  la n e  3 ,  S a cI ;  la n e  4 ,  H i n d l l l ;  la n e  5 ,  P s t I ;  l a n e  6 ,  EcoRI; la n e  
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F i g .  7 .  P r o t o c o l  f o r  c lo n in g  th e  2 .52 -K b  EcoRI and 1 .15-K b H i n d l l l  
fragm ents  o f  M. racemosus rDNA i n t o  pUC19.
Electroelute 2.52-Kb EcoRI ( or 1.15-Kb Hindlll) fragment
I
Ligate into pUC19 at EcoRI ( or HidEH) site 
1
Transform into E. coli JM83
t
Plate on MacConkey Agar with ampicillin
I
Only cells harboring plasmid grow 
and form colonies
Red colony
( Cells contain self-ligated vector) 
White colony
( Cells contain vector with insert)
I
Select clones from white colonies that hybridize with pYlrI6 DNA
148
F i g .  8 .  I d e n t i f i c a t i o n  o f  pUC19 r e c o m b i n a n t s  w h ic h  c o n t a i n  t h e  
2 .5 2 - K b  EcoRI i n s e r t .  P l a s m i d s  w e re  i s o l a t e d  from  w h ite  p laq u es  on 
M cK o n k ey -a m p ic il l in  agar by th e  procedure  o f  Birmboim and D o ly  ( 1 9 7 9 ) .  
The f o l l o w i n g  sam ples  were se p a r a te d  by a g a ro se  g e l  e l e c t r o p h o r e s i s  and 
a re  d i s p l a y e d  on t h e  e l e c t r o p h o r e t o g r a m :  l a n e  1 ,  H i n d l l l  d i g e s t  o f  
b a c t e r i o p h a g e  lambda DNA; l a n e s  2 - 8 ,  EcoRI d i g e s t s  o f  p la sm id s  i s o l a t e d  




1 2  3 4 5 6 7 8 9
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F i g .  9 .  H o r i z o n t a l  a g a r o s e  g e l  e l e c t r o p h o r e s i s  o f  E coR I+X bal  
double  d i g e s t  o f  pUC19 recom binants  c o n t a in in g  th e  2 .52 -K b  EcoRI i n s e r t .  
The f o l l o w i n g  s a m p le s  a r e  d i s p l a y e d :  l a n e  1 ,  H i n d l l l  d i g e s t  o f
b a c t e r i o p h a g e  lambda DNA; la n e s  2 - 4 ,  EcoRI+Xbal doub le  d i g e s t s  o f  th re e  
d i f f e r e n t  pUC19 recom binants  c o n t a in in g  th e  2 .5 2 -K b  EcoR I i n s e r t ;  l a n e  
5 ,  EcoRI+Xbal double  d i g e s t  o f  pUC19 DNA.
151
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F i g .  1 0 .  I d e n t i f i c a t i o n  o f  pUC19 recom b inan ts  c o n t a in in g  th e  2 . 5 2 -
Kb EcoRI fragm ent o f  M. racemosus rDNA by d o t  b l o t  h y b r i d i z a t i o n  w i t h  
32 P - l a b e l l e d  p Y l r l 6  p la sm id  DNA. pUC19 DNA la c k in g  i n s e r t e d  seq u en ces  
was s p o t t e d  on th e  membrane as  a n e g a t i v e  c o n t r o l  and i s  I n d i c a t e d  by 
t h e  t h i c k  a r r o w .  p Y l r l 6  p lasm id  DNA was s p o t t e d  as  a p o s i t i v e  c o n t r o l  





F i g .  1 1 .  H o r iz o n ta l  a g a ro se  g e l  e l e c t r o p h o r e s i s  o f  S a u I I l  d i g e s t s  
o f  t h r e e  pUC19 recom binants  t a r r y i n g  th e  1 .15-K b H i n d l l l  fragment o f  M. 
r a c e m o s u s  rDNA. The f o l l o w i n g  s a m p l e s  a r e  d i s p l a y e d :  l a n e  1 ,
H in d lll+ E co R I double  d i g e s t  o f  b a c te r io p h a g e  lambda DNA; la n e  2 ,  SauIIIA  
d i g e s t  o f  pUC19; la n e  3 ,  SauIIIA  d i g e s t  o f  pMR3; la n e  4 ,  SauIIIA  d i g e s t  
o f  pMR6; la n e  5 ,  SauIIIA  d i g e s t  o f  pMR18. M o lecu la r  s i z e  markers (b a se  




F i g .  1 2 .  H y b r i d i z a t i o n  o f  " ^ P - l a b e l l e d  pMR8 p la s m id  DNA to  M. 
r a c e m o s u s  r&mtDNA d i g e s t e d  w i t h  v a r i o u s  r e s t r i c t i o n  e n d o n u c l e a s e s  
i d e n t i f i e d  in  F i g .  1 .  M o lecu la r  s i z e  markers a re  i n d i c a t e d  to  th e  l e f t  
o f  th e  au torad iogram . The f o l l o w i n g  s a m p le s  a r e  d i s p l a y e d :  l a n e  1 ,  
B g l l l  d i g e s t  o f  r&mtDNA; la n e  2 ,  S acI  d i g e s t  o f  r&mtDNA; la n e  3 ,  H i n d l l l  
d i g e s t  o f  r&mtDNA; l a n e  4 ,  H i n d l l l  d i g e s t  o f  b a c te r io p h a g e  lambda DNA; 
la n e  5 ,  EcoRI d i g e s t  o f  r&mtDNA; la n e  6 ,  Xbal d i g e s t  o f  r&mtDNA.
157









F i g .  1 3 .  H y b r i d i z a t i o n  o f  ^ P - l a b e l l e d  pMR6 p la s m id  DNA t o  M. 
r a c e m o s u s  r&mtDNA d i g e s t e d  w i t h  v a r io u s  r e s t r i c t i o n  e n d o n u c lea se s  and 
pMR3 and pMR18 p la s m id  DNA d i g e s t e d  w i t h  H i n d l l l .  M o l e c u l a r  s i z e  
s t a n d a r d s  a r e  i d e n t i f i e d  t o  t h e  l e f t  o f  t h e  a u t o r a d i o g r a m .  The  
f o l l o w i n g  s a m p l e s  a r e  d i s p l a y e d :  l a n e  1 ,  H i n d l l l  d i g e s t  o f  
b a c te r io p h a g e  lambda DNA; la n e  2 ,  B g l l l  d i g e s t  o f  r&mtDNA; la n e  3 ,  SacI  
d i g e s t  o f  r&mtDNA; la n e  4 ,  H i n d l l l  d i g e s t  o f  pMR3; l a n e  5 ,  P s t I  d i g e s t  
o f  r&mtDNA; l a n e  6 ,  EcoRI d i g e s t  o f  r&mtDNA; l a n e  7 ,  Xbal d i g e s t  o f  
r&mtDNA; la n e  8 ,  H i n d l l l  d i g e s t  o f  r&mtDNA; l a n e  9 ,  H i n d l l l  d i g e s t  o f  
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F i g .  1 4 .  P r o t o c o l  f o r  c l o n i n g  t h e  6 . 0 - K b  EcoRI fragm en t o f  M. 
racemosus rDNA i n t o  pACYC184.
161
Electroelute 6.0-Kb EcoRI fragment
I
Ligate into BAP-treated pACYC184 at EcoRI site
I
Transform into E. coli K802 (hsdR2, mcrBl, mcrA )
I
Plate on LB-agar with tetracycline
( A )  1
\  ^  /  Only tet cells harboring plasmid grow and form colonies
r Replica-plate on LB-agar with chloramphenicol
cam ceUs (no growth) contain vector with insert
V Select clones cam colonies that hybridize with 1.15-Kb Hindlll fragment
162
F i g .  1 5 .  I d e n t i f i c a t i o n  o f  pACYC184 recom binants  c a r r y in g  th e  6 . 0 -
32Kb EcoRI fragment o f  M. racemosus rDNA by h y b r id i z a t io n  o f  P - l a b e l l e d  
1 .1 5 - K b  H i n d l l l  fragm ent o f  M. racemosus rDNA to  t e t r a c y c l i n e - r e s i s t a n t  
and c h l o r a m p h e n i c o l - s e n s i t i v e  c o l o n i e s .  C o l o n i e s  c o n t a i n i n g  p la s m id s  
w ith  th e  d e s ir e d  i n s e r t  appear as dark s p o t s .
163
164
F i g .  1 6 .  P r o t o c o l  f o r  c l o n i n g  th e  3 .7 -K b  H i n d l l l  fragment o f  M. 
racemosus rDNA in t o  pACYC184.
Ligate total population of Hindm DNA fragments into BAP-treated 
pACYC184 at HindHI site
I
Transform into E. coli K802 (hsdR2, mcrBl, mcrA)
1
Plate on LB-agar with chloramphenicol
I
r
Only cam cells harboring plasmid grow 
and form colonies
1
Replica-plate on LB-agar with tetracycline
tet cells( no growth) contain vector 
with insert
I
Select clones from tet colonies that hybridize with 
2.52Kb EcoRI fragment
166
F i g .  1 7 .  Agarose g e l  e l e c t r o p h o r e i s  o f  B g l l l+ E c o R I  d o u b le  d i g e s t  
o f  pMR8, EcoRI d i g e s t  o f  1 .15 -K b  H i n d l l l  fragm ent o f  Mucor rDNA, EcoRI 
d i g e s t  o f  3 .70 -K b  H i n d l l l  fragm ent o f  Mucor rDNA and H i n d l l l  d i g e s t  o f
6 .0 - K b  EcoRI fr a g m e n t  o f  Mucor rDNA. M o l e c u l a r  s i z e  s t a n d a r d s  are  
i n d ic a t e d  to  th e  l e f t  o f  th e  e l e c tr o p h o r e to g r a m .  The f o l l o w i n g  s a m p le s  
a r e  d i s p l a y e d  on t h e  g e l :  l a n e  1 ,  B g l ll+ E co R I doub le  d i g e s t  o f  pMR8;
la n e  2 ,  EcoRI d i g e s t  o f  1 .15 -K b  H i n d l l l  fragm ent; l a n e  3 ,  EcoRI d i g e s t  






F i g .  1 8 .  H y b r id iz a t io n  o f  " ^ P - la b e l l e d  6 .0 -K b  EcoRI fr a g m e n t  o f  a 
S o u t h e r n  b l o t  o f  t h e  a g a r o se  g e l  shown in  F i g .  1 7 .  S i z e  s ta n d a rd s  are  
i n d i c a t e d  to  th e  l e f t  o f  th e  a u to r a d io g r a m .  S a m p le s  a r e  d i s p l a y e d  as  
f o l l o w s :  l a n e  1 ,  B g l l l + E c o R I  d o u b le  d i g e s t  o f  pMR8; l a n e  2 ,  EcoRI
d i g e s t  o f  1 .15-K b H i n d l l l  fragm ent o f  Mucor rDNA; l a n e  3 ,  EcoRI d i g e s t  
o f  3 .7 0 - K b  H i n d l l l  f r a g m e n t  o f  Mucor rDNA; la n e  A, H i n d l l l  d i g e s t  o f
6 .0 -K b  EcoRI fragment o f  Mucor rDNA.






F i g .  1 9 .  R e s t r i c t i o n  map o f  c lo n ed  M. racem osus rDNA r e p e a t  u n i t .  
A) From p r e s e n t  s t u d y  ( J i  and O r l o w s k i ,  1 9 8 7 ) ;  B) From C i h l a r  and  
Sypherd, 1 9 8 0 .  The f o l l o w i n g  s y m b o ls  a r e  u s e d  t o  d e s i g n a t e  s i t e s  o f  
c le a v a g e  by th e  in d ic a t e d  r e s t r i c t i o n  en d o n u c lea se :  B, B g l l l ;  E , EcoRI;
H, H i n d l l l ;  K, K p n l;  L ,  S a i l ;  M, BamHI; P , SphI; S , S a cI;  T, P s t I ;  X, 
X b al.
one rRNA gene repeal unit
pMR 6 -
  pMR 8 pMRK 3
1.28 1.9 4.42 6.81 7.666.41 8.61 9.41
1.75 2.22 3.70JO .89 3.81 7.96 9.07 9.56 10.066.61
3.76 9.76
(Ji and Orlowski: 1987)
X M HP M X 
X B S H
16.37 17.72
5S 18S 5.8S
— S P -------------------------
26S 5SSP —
( Cihlar and Sypherd: 1980) M
H T E M H M
g ^ u —I—pMu 37 




F i g .  2 0 .  S t r a t e g y  u sed  t o  d eterm in e  co m p le te  n u c l e o t i d e  s e q u e n c e  
o f  M. r a c e m o s u s  2 6 S rRNA g e n e .  The DNA fragm ents  d e p ic te d  above were  
c l o n e d  i n t o  b a c t e r i o p h a g e  M13 mpl8 o r  M13 mpl9 i n  t h e  d i r e c t i o n s  
i n d i c a t e d  by th e  arro w s .  L im i t s  o f  th e  gene per s e  are  i n d i c a t e d  by th e  
a p p r o p r i a t e l y  l a b e l l e d  l i n e .  The l e n g th  o f  DNA a c t u a l l y  sequenced i s  
r e p r e s e n t e d  by t h e  b o ld  l i n e  d i s p l a y i n g  r e s t r i c t i o n  s i t e s .  I t  i s  
a p p a r e n t  t h a t  s h o r t  l e n g t h s  o f  f l a n k i n g  se q u e n c e s  were i d e n t i f i e d  on 
both  s i d e s  o f  th e  g e n e .  The f o l l o w i n g  s y m b o ls  a r e  u s e d  t o  d e s i g n a t e  
s i t e s  o f  c l e a v a g e  by th e  i n d i c a t e d  r e s t r i c t i o n  en d o n u c lea se :  B, B g l l l ;
C, S e a l ;  E, EcoRI; H, H i n d l l l ;  I ,  H in c II ;  K, Kpnl; L , S a i l ;  M, BamHI; P ,  
SphI; S , S a cI ;  T, P s t I ;  X, X b a l .
26S rRNA Gene ^ 4 5 9
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F i g .  2 1 .  I d e n t i f i c a t i o n  o f  recom binant M13 mpl9 phage c a r r y i n g  M.
32r a c e m o s u s  2 6 S rRNA g e n e  f r a g m e n t s  by h y b r i d i z a t i o n  w ith  P - l a b e l l e d  
2 .13 -K b  S a ll+ E coR I fr a g m e n t  o f  Mucor rDNA. P h a g e  p r e p a r a t i o n s  w ere  
s p o t t e d  on n i t r o c e l l o s e  membrane and exposed  to  h y b r id i z a t io n  probe as  
d e s c r ib e d  in  th e  t e x t .  M13 mpl9 phage l a c k i n g  i n s e r t e d  s e q u e n c e s  was  
s p o t t e d  on t h e  membrane a s  a n e g a t i v e  c o n t r o l  and i s  i n d i c a t e d  by th e  
arrow.
175
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F i g .  2 2 .  (A) Complete n u c l e o t i d e  s e q u e n c e  o f  t h e  26S rRNA g en e
from M. racem osu s; and (B ) Comparison o f  th e  n u c le o t i d e  seq u en ces  o f  th e  
26S rRNA genes from M. racem osus (u p p er)  and jS. c e r e v l s i a e  ( l o w e r ) .  The 
f o r m e r  w a s  d e t e r m i n e d  i n  t h i s  s t u d y ,  t h e  l a t t e r  was p u b l i s h e d  by 
G eo rg iev  e t  a l . ,  1981 . The f i r s t  b ase  shown in  (A ) c o r r e s p o n d s  t o  t h e  
b a s e  i d e n t i f i e d  a s  "153" in  th e  Mucor seq u en ce  p r e s e n t e d  in  ( B ) .  T h is  
c o r r e s p o n d s  t o  t h e  e s t a b l i s h e d  5 '  end o f  t h e  g e n e  i n  S a c c h a r o m y c e s  
( r e p r e s e n t e d  as  " 114" ).  The 152-bp  upstream  f la n k in g  r e g io n ,  which was 
a l s o  s e q u e n c e d ,  i s  n o t  sh o w n . S u b s c r i p t s  b e lo w  t h e  S a c c h a r o m y c e s  
seq u en ce  i n  (B) i n d i c a t e  th e  s i t e s  o f  m e th y la t io n  on th e  RNA t r a n s c r i p t  




























































" " i  i i  111111111 i i i  i i i i i i i i i i i i i i i i i i i i i i i i i i
114 GmX3ACCTO^TCAGGTA3GAGTAmXCTGAACITAAGCATATCAAT 163 
203 AAGOQGWjGAAAAGAAAKIAAD’iAinjATnXXCIACTrAACCGCGAGTCAA 252
' " 1 I MI I I I I I MM III INI  || I I I I I I I I I | || I | | | |
164 AAGCGGAGGAAAAGAAACCAAC.OGGATimriTAGTAACGGaiAGTGAA 212 
253 GAGGAAAGAGCTOWV3TIGGMACTGTTIT3GCTrAGCrAAACOSTATrG 302
I II II l l l l l l l l  III II M i l  I I  I I I  III
213 GOOGCAAAAGC1CAAATTIGAAATCTGGT. .ACCTTOOGTGCCOGAGTTC 260 
303 TAAACICTAGAAACATriTCCTO3CACACCWjATrAATAA3TCCITrGGA 352
"  II I I I  I II -I I II II I l l l l l
261 TAATITCGASAGGGCAACITIGGGGCOG'ITOinTGTCTATCTTCCTIGGA 310 
353 ACAAGGCATCATQGAGGCJIGAGAATOCCCTCTn^TCrGAGTAGTTG'IC 402
III I I Mi l  MINIMI  111III I II I I II
311 ACAGGAOTIX^TAGAGGGTGAGCATCCCG. . TGTGGCGAGGACTGOGGTT 358
403 ITnGTGATATGlTITCAAAGAGTCAGGnGTIUUGGftAlGCAGCCTAAA 452
Mi l l  I II III I I IMI I  IMI IM II II
359 CITIGTAAAGTGCCTia3AAGAGTOGAGTIGTrTGGGAA'IGCA3CICrAA 408 
453 TTGGGTGGTAAATCIX^CCIAAAGCTAAATATrrcCGAGAjACOGATAGC 502
l l l l l l l l  II I I I II I I II II II II I I I I I I I I II I II I I I
409 GTGGGTGGTAAATTCCATCrAAAGCrAAATATTGGCGAGAjACCGATAGC 458 
503 GAACAW3TACX3GTGP«3GAAAGATGAAAPGAACmX3AAAAGAGAGTIAA 552
I I IMI I  MM 1111II11II11IIII111IIIII111II11 II
459 GAACAAGTACAGTGATGGAAAGATCAAAAGAAClTrGAAAAGAGAGTCAA 508 
553 ACWJTATtTITSAAATOGTTAAAAGGGAACOGTTTGGAGCCAGACTGGTITC 602
I MM MI IMMMI  IMMMI  I I Mi l l  I I
509 AAAGTAOGTGAAATTGTrGAAAGGGAAGGGCATriGATCAGACATQGTCT 558 
603 CTIGTAATCAACCTW3AATICGTTITCGGTO3ACITCCAGGCrATACCTG 652
I I I I III II III I
rrGTGCCCTCIGCTCCTItTrcGGTAGGGGAATCTOGCA.TTrCACTGGG 607559 T
653 CCAACAACAGTTTGATTIGGAGGAAAAA.. .AITAGIAQGAATGTPGCCT 699
I II II I I IMI  I I 1111 Ml II I I I I I  MM
608 CX3AGCATCAGriTIGGTGGCAGGATAAATCCATAGGAATGTAGCITGCCr 657 
700 CTOGAXTGTTATAGCCTACTATCATACT. CTGGATTCGACTCAGGAACG 748
I I II I MI I IMI  Mi l l  I I I IMMMMI  I
658 a3GTAAGTATTATAGCCTGTGGGAATACKmvSCIT3GGACIGAGGACrG 707 
749 CAGOlAATGCCTITAGGCAAGATTGCTQGGTGCriTOGCTAATAAAirGTr 798
I I I I  I I
708 CGACGTAAGTC. 718
849 TATATITITrATICGCriTVGGTRTITCGCrrAATGACTCrAAATGACCCG 898
III II MM Mi l l  I II 1111
719 .....................  AAGGATGCTQGCATAATQGTEAIATGCCGCCCX; 751
899 TCITCAAACA03GACCAAGGA£3TCCACCATAAfniX»AGTArrTGAGTGA 948
I I I I I I I I I I I I I I I I I I I I I I I I  I I I  Ml III Mi l  Ml
752 TCITGAAACACCXj&CCAAGGAGTCTAAOCTICTATGOGAGTGTrrGGGTGT 801 m rnm
949 CAAACTCATATGOGTAAGGAAACTGATTGATACGAAGTCTnTC A 993
m i  i , ;; m u m  m i  m  i i i i
802 AAAACCCATAOGOGTAATGAAAGTGAACXJrAGGTrGGGGCCTOGCAAGAG 851 
994 TCGCAGTATCACCCXjGajTCGAOGTPITAACTGAAATGACOGAGGTAAAG 1043
Ml III III II II II I II Ml I II
852 GTCCACAATOjACCEATCCTGATGrCTr. .OXATGGAlTrGAGTAPGWl 899
36
1044 QOTAlGAXQGGACCOGAAAGAIGCJrGAACTASGCCTGAAIAGGGTGAA 1093
ii ii i m m m i i i i i m i m m m m i i i m m i
900 CAmX7ICTTO3GACCOGftAflGATGGTGAACTA3GCCTCAMM3GGTGAA 949 m m  m
1094 GCCAGAGGAAACTCTGGTGGAOGCTCGTAGCGATICIGAa3TGCAAAIOG 1143
l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l  I I I I I II I I I I I I I I 1 I
950 GCCAGAGGAAACTCTGCTGGAGGCrOGTAGCGGTTCTGACGIGCAAAIOG 999m
1144 ATOGTCAAATFTQGGTAIAGGGGOGAAAGACIAAXOGAACCA7CEAGTAG 1193
l l l l l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I MI I I I I I I I I I I I
1000 ATO3ra3AATITGGGTATAGGGGaiAAAGACTAAT0GAACCATCTAGTAG 1049 
1194 CIGGTTCXTIGOOGAAGITICCCTCAGGATAGCAAAAACTEAAACGC/CTr 1243
m m m i m i M i m m i i i i i M i i i  ii ii i m u
1050 CTGGTTCCTCOOGAAGTITOCCICAGGAaWSCAGAAGCTCGTA.'ICAGrr 1098 
1244 TTATOAGGXAAAGCX»AXGAIXAGAGGCCTXGGGGACGAAAXGTOCTTAA 1293
111111111111111111111111111 t i l l  III I III INI I
1099 raAlGAGGTAAAGOGAATGA3TW3AGGlTCOGGGGTQGAAATGACCTIGA 1148 
1294 CXnATTCTCAAACITEAAAIIATGTAAGAajADCHJITrGCrEAATIGAftj 1343
m m m m m m m m m i  i m  11 i mi i i i mi
1149 a^BOTCTCAAACTTTAAAaMGTAAGAASTCXTIGTTACTTAATTGAAC 1198 
1344 CAGGTCA3T..GAATGIGAGTTITmGIGGGCXATTriTCGTAAGCAGAA 1391
i i i n i  i m  i i i i i i i i i i i i i i i i i i i i m m m
1199 GTQGACAITIGAAIGAAGAGCITITAGTGGGOCATTXTIQGTAAGCAGAA 1248m
1392 CTOXEATCa3GGATGAACOCy^a^GAAGTOW3GTGCa^ 1441
i m 11m i i n i m m i m i  m m m m m i m m
1249 CrQQOGAXGOGGGAXGAAOOGAAOGTAGAGITAAGGTGCOSGAAXACACG 1298 
1442 CICATCAGACACCACAAAAGGTGTTACTTCATCTAGACAGCA3GACGGTG 1491
m m m m m m m m m m m i m m i  m i n i m
1299 CTGVTCAGACACCACAAAAGGTGTTAGTTCAICTAGACAGCOGGAOGGTG 1348 
1492 GCCAroGAAGTOGGAATCOGCTAAGGACTGnjEAACAACTCACCIGCCGA 1541
III III I III III III III III III I III III III III III III l l l l l
1349 GGCAroGAAGTOGGAATCOGCTAAGGAGTGTGTAACAACTCAOOGGCOGA 1398 
1542 AlHlAACIAQCXXircAAAATQGMOQCXSCrTAAGOGIGTIACCCAECACTrC 1591
11111111111111111111111111111 11M111IIIII Mi l l
1399 ATGAAdAGCOCrGAAAAXQGASGGOGCFCAAGOGTGXIAOCXAXACTCT 1448 
1592 TOOGTTATTGTAAAAGCGAAGCAAIAACGAGTAGGCAGGCGTGGAGGTTT 1641
INI I II I I N I  I I I II I II I I I I II I I I I I I I I I
1449 AOOGTCAGGG1TCATATGATGQ3CTGAOGAGTAGGCAGGOGTGGAGGT.. 1496 
1642 TmAAACTGTIAAGAAGCICITGGAGTGATOCGGAGTGAAACAGCCTCT 1691
I II I Mi l l  I I I  I II III l l l l l l
1497 ...............CAGTGAGGAAGCCIAGACOGIAAGGTCGGGrCGAACQGCCICr 1539
1692 AGTGCAGATOTIGGTGGTAGTAGCAAAmrrCAAATGAGAACnTGAAGA 1741
I I I I I I I I I I I I I I I M I I I I I I I I I I M i m i l l l l l l l i m i l l l l
1540 AGKXaCATCTTGGTGGTAGTAGCAAATATICAAAlGAGAACTTIGAAGA 1589 m mm
1742 CrGAAGTGGAGAAAGGXrOCTQGAGAACAlXAXrrGGTOCAGGGnACxIC 1791
l l l l l l l l l  IMI I I IMI  I 1111 I 1111 I I I IMIMI  •
1590 CTGAAGTOGQGAAAGGTOXTVXTCAACAGCAGTIQGACGTQQGTTAGrC 1639 
1792 GAraTEAAGAGAXAGGGAAAnraiYm'lUU^AAGCAAXCAATClTCAT 1841
III III III II I I Mi l l  1111 III I I I I I
1640 GAXOCTAAGAGAXGGQGAAGCrOOG.inCAAAGGCCrGAnTEAXGCAG 1688 
1842 TOXrTATCGAAAOJGAAACAGTITAAIATTACTGTACTAGGATCAGGAT 1891
I I 11I I I I I I I I I I  I I III III I I III 1111 1111
1689 GCCAOCATOGAAAGGGAATCCG.GTAAGATI'OCGGAACTJVjGATATCGAT 1737 
1892 TTICPGGGGTAAOGCAAAXGAACrrGGAGACAXCAdGTGGATOOGAGGA 1941
I I I I IMI I I  II 1111 I I IMM II I I I II III
1738 TCTICADGGTAAOGTAACIGAATGTQGAGAOGTOGGOGCGAGCCCTGQGA 1787
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111 i n n  m i  i i i i m m  ii i n  i m u  n
X60Z .T.T.nAmwntAAfTnr>iflrnT^AA^ T j r n T O frw ^LT ^r^TfinTnT fi ztOZ 
X88X ODiaQJJJO'DroEAmXWEWWaHOEGWI^^ EE8X
m m  ii ii m m  mi ii i mi m u  i ii
XPOZ JM 3O O IJJJJ2raE ra3K »«S«I£0IJ^^ Z66X
z£8x ja a e a a w w m x x w a w ........ s z o o & w i j o i j o i j j j a i w u o r e o  sszx
III III I III III llllll lllllllllllllll
X66X JJA in iw m T jrn w rmnTjnT.T.TOw n .^T.T.T.TriT.T.T.TatwT.T-T»ntf j*6X
2760 ATQWnQGGft!ITCflGiaX^W3A3raW3CTICIBGEAI'IAflGCftTC.. .  2806
II III II II II I II llllll III I II
2632 ATOAAGCQGAGCIGGAAlTtMTITOCAGSrrcTflGCAITCAAGCTOOCA 2681 
2807 7TOGGAI<J[tWXXMGTTA3Tty\CAlTt7naA3TGGOjAGTTTGGCTOG 2856
m u  m  ii m  i i i i i i i i i i  111i1111ii1111111
2682 ITOGGGGCTGATCCXjGGTIGAAGftCAlTCTCflGGTOGGGfiGTriGGCTGG 2731
2857 GGOGGCACATCT(7mAAAGA3Ma3CAGGT(7ICCTAAGGGGGACICAfiC 2906
I III I III III I III III IIIIIIIIII lllllllllllll llll
2732 GGa3GCflCA3CIGITAAflOGATA/U33CfiGAlt7rCCTAW3GGGC3GCTCATG 2781 m m
2907 GfiGftfiCAGAftfiTCrOGTGIfiGRKIftAAfiGGCJEftftfifiGrCCCCPrGKITrr 2956m i n i m u m  m m  m i n i m i  i n  i i i n
2782 GflGAACAGRAAlCICCAGTflGAACAAAAGQCJnAAA.. .GOOOCTTAGTTT 2828 
2957 GA3nTCAGn?TGAAXACAAAOCA.,IGAAA7rGTGGOC7EATCGATCC7rrT 3005n i m n n i i m i i i i m i  n n n n n n n n n n n n i
2829 GA.TTTCfiGTOKWffiACAAAOCATrawySTOiaSCCTATOGfiaxrm 2877 m
3006 WSAATCTCAACymTCAGGCEAGAG^^ 3055n i n  i n n i i i n i n i n i i i n i i i i i i n m m m i
2878 ACTCCCia3G&AIITCflGGCIMWGGTCCCAGAAAAGTEflCCACAGGGAT 2927m m
3056 AftCIQGCnXSX3GCAGOCAAGanTCAIAGOGAOC?nGCT3TPITCATTCT 3105m n n i i i m m  n n n n n n n n i  n n n n n n n i
2928 AACIOGCITCTGGCAGTCAAGOGl^CATAGOGACAII'lGCn'lTlUAl'ICr 2977 
3106 TOGATOIOGGCrcnCCTATCAIflCIGAfiGCAGAAlTCAGTAfiGOGTKjG 3155n n n n n n n n n n n n i  n n n n n n  n n n n n i
2978 TOGAlXTIOQGCTOTCCTATCATACOGftflaTCAAITOTSrAfiGOG'ITGG 3027 
3156 ATTIGTTCAOOCACTAAXAOGGAAQGTGAGCrQOCTrTEAGACOCTCCTGAC 32051111111111111111n111111 n n n n n n n n n n n n i
3028 M^|^ICAOOCni7IAATAOQGAACAiGAp^rGG(?rriAGACCX7rCX7rGAG 3077 
3206 ACflGSnTYSTlTIMOOTOGAIOGTATTQGTftHIJIRACAGTAMTGA 3255i n m i i i i m m i i i i m i  i n  i n  n n n n i
3078 ACflGGTTflGnTEftOOCroCTGAT.GAfiSGITfiOCflGCAfllflGrftAITCft 3126 
3256 AGTCAGTAGGAGMGAACCCITCA1TCAGAIAATTGGTA1TIGOQ3CTGG 3305i 1111111111111111 m i n i  i i i i i i i i i i  n n n n n
3127 ACTTAGTA0CMGAGGAACflC7ITCflIIO3GMS\A!lTQGTTnTG0GGCrGT 3176 
3306 7TGAAAGGOCAA!IGCOGOCjA/y3CTACCATCTGCFGGATAATGCTGAAOGC 3355i n  i n n n n n n i  I I I II l l l l l l l l l
3177 CIGftTCftjGCAlTGCOGOSftAGC7UlCAIIXXX3CroGAlTATCjGCTGftACGC 3226 
3356 CTTCTAAQTCAGAATOCKTGCrGAAA. .AOGATACTfiCTCltjITITCMTC 3403
I I I I I I 1 I I I I I I I I I I I I I I II I I I II II I
3227 CTCH!AAGTCAGAATOCATGCEAGAACGCGC7rGA!l'rrClTrGCrCCAC!ACA 3276 
3404 TflCCAGAIGflGBOftAIAAflGCTnjSGCTTCftAAflCCTTAClTCIGflGC 3453i n n  i n  i n n  n  n n i i  i n
3277 ATAMGRlGGftIM3AATA;y3GCX?I\XlTCTCGCX7IOGCIGftACCAlAGC 3326 
3454 TflGGT...................... TIGGlMGOQGAAftlGCnXTQYSAICBOTGCIIftA 3493i i i m i n i  n i n  n i
3327 A3GCI7CCAAaGGTGCftt?ITO303GAABGQCCITGGGTGCrTCCTGG03A 3376 
3494 TGA3M1GCTAATW2ATCAAAATGATAAATOGCA1GCAGAOGACATGAA. 3542i m i  i i mi i i i  n  i i n n  i i
3377 ATIGCAAItTICAT'ITIGOGTGOSGftTAAATCAlTPGTATADGACTIWlAT 3426 
3543 .ATOGAGOGOGflTVnXJEAAGrACTAGftCTIAGCXTiTitTLGCTACGAIGTA 3591n n n n n n n i  n n n n n  m m  m m  i
3427 GTAC7'7£03GGTAlTCrAA30GGTAGA^r/V3CC.lTCITCmCa5TCIG 3475 
3592 CIGflGAJTAAGCCTTnTTCMTGAMTrGT 3621
I I I 1 I I I I I 1 III I I I 1 I I llllll
3476 CTIGflGAlTWCCCTlUUl'IGTCTGATTIGT 3505
<183
F i g .  2 3 .  C o m p a r is o n  o f  t h e  s e c o n d a r y  s t r u c t u r e  o f  d i v e r g e n t  
i n s e r t i o n  seq u en ces  w i t h i n  th e  26S rRNA g e n e s  o f  j>. c e r e v i s i a e  and M. 
r a c e m o s u s . B a s e s  m arked w i t h  an a s t e r i s k  in  th e  Mucor seq u en ce  have  
d i v e r g e d  from  S a c c h a r o m y c e s . ( I t  i s  i m p o s s i b l e  t o  i d e n t i f y  w h ic h  
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S a c c h a r o m y c e s  M u co r
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F i g .  2 4 .  H y p o t h e t i c a l  scheme t o  e x p la in  th e  observed  i n c r e a s e  in  
s i z e  and d iv e r g e n c e  o f  n u c le o t i d e  se q u e n c e  i n  t h e  e u k a r y o t i c  26S rRNA 
g e n e  d u r in g  t h e  c o u r s e  o f  m o l e c u l a r  e v o l u t i o n  by t h e  a c q u i s i t i o n  of  
i n s e r t i o n  seq u en ces  and t h e i r  grad u al a l t e r a t i o n  through  g e n e t i c  d r i f t .  
The sch em e p o s i t s  an a n c e s t r a l  c o r e  s t r u c t u r e  which  i s  common to  a l l  
eu k a ry o te s  and h ig h l y  i s  c o n s e r v e d .  Presumably t h i s  r e g io n  codes f o r  a 
p o r t i o n  o f  t h e  rRNA m o l e c u l e  w i t h  a c r i t i c a l  f u n c t i o n  t h a t  c a n n o t  
t o l e r a t e  much a l t e r a t i o n .  The i n s e r t e d  s e q u e n c e s  w ere  a c q u i r e d  a t  
d i f f e r e n t  t i m e s  i n  e v e n t s  unique to  s p e c i f i c  l i n e a g e s .  The r e l a t i v e l y  
low h o m o lo g ies  betw een t h e s e  r e g i o n s  s u g g e s t s  t h a t  t h e y  may co d e  f o r  
more m a l e a b l e  f u n c t i o n s  n o t  s u b j e c t  t o  th e  i n t e n s e  s e l e c t i v e  p r e s s u r e s  







Table 1. Restriction Fragm ents in Kilobases(kb) o f 2.52kb Eco R1 
Fragm ent, 6.0kb Eco R I Fragm ent, 3.70kb Hind III Fragm ent and 1.15 Hind 
III Fragm ent.
2.52kb Eco R l Fragm ent. 















Dra 1 H in d i EdllJ S ail
1.83 1.40 1.99 2.13
0.48 0.72 0.53 0.39
0.21 0.40
BglII+ Bam HI+ Sal 1+ Xba 1+
Bam HI Hinc 11 Sea 1 Xho I
1.08 0.93 1.11 1.66
0.84 0.72 1.02 0.78
0.35 0.47 0.39 0.08
0.25 0.40
No site for Bel I,Eco RV, Hind III, Hpa I.Kpn I.Pst I, Pvu 0 , Sac I, Sma I. Sph I.
1.15kb Hind III Fragm ent.
Eco RI+ Eco R1+
Eco RI P stI Xbal Esii Xbal
0.80 0.95 0.69 0.80 0.46
0.35 0.20 0.46 0.20 0.35
0.15 0.34
No site for Ava I, Bam HI, Bel I, Bgl □, Dra I. Eco RV, Kpn I, Pvu I, Pvu II, Sac I, Sal I. 
Sma I, Sph I, Xho I.
3.70kb Hind III Fragm ent.
S a il X balBam HI UgLII Eco RI Sac I







B g in+ Bgl n+ Sac 1+ Sal 1+
Eco RI Sac I Eco RI Xbal
1.08 1.43 2.52 1.95
0.84 1.13 0.54 1.28




No site for Kpn I, Pst I, Sph I.
6.0kb Eco RI Fragm ent.




Bam HI+ Bgl 11+ Hind III+






Kpn I Sac I Sph I Xbal
4.99 4.25 5.60 3.0
1.01 1.75 0.40 1.55
1.11
0.34
No site for Pst I, Sal I.
0.29
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Table  2 .  E u k a ry o t ic  organism s f o r  which th e  com plete  n u c le o t i d e  
sequence o f  th e  gene cod ing  f o r  th e  rRNA m o le c u le  o f  th e  la r g e  (6 0 S )  
cy to p la s m ic  r ib osom al su b u n it  i s  known.
S V alue  o f
Organism rRNA M o lec u le  R e fe r e n c e
Saccharomyces c e r e v i s i a e
Saccharomyces c a r l s b e r g e n s i s
Physarum polycephalum
Xenopus l a e v i s
Mus m usculus (mouse)
R a ttu s  r a t t u s  ( r a t )
Oryza s a t l v a  ( r i c e )
Homo s a p ie n s  (human)
Mucor racemosus
26S G eo rg iev  e t  a l . ,  1981
26S Veldman e t  a l . ,  1981
26S Otsuka e t  a l . ,  1983
28S Ware e t  a l . ,  1983
28S Hassouna e t  a l . ,  1984
28S H a d j io lo v  e t  a l . ,  1984
25S Takaiwa e t  a l . ,  1985
28S G onza lez  e t  a l . ,  1985
26S J i  and O r lo w sk i ,  1987
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Table  3 .  C a lc u la te d  p e r c e n t  homology I n ' s e v e n  major domains o f  th e  26S 
rRNA m o lec u le  from Mucor racemosus and Saccharomyces c e r e v i s i a e .
Domain 1 2  3 4 5 6 7
% Homology 77 63 88 74 83 90 64
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